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In  submitting  to  the  American  reader  the  second  volume  of 
Weisbach's  Mechanics  of  Machinery  and  Engineering,  we  cannot, 
perhaps,  better  express  our  own  appreciation  of  the  value  of  this 
part  of  his  labors,  than  by  citing  a  passage  from  the  advertisement 
of  the  English  translator.  Prof.  L.  Gordon. 

"  The  usefulness  of  this  second  volume  will  be  manifest  from  the 
practical  interest  and  importance  of  the  subjects  treated.  The  first 
part  of  the  volume,  though  far  from  giving  a  complete  theory  of 
engineering  and  architectural  construction,  brings  many  important 
questions  of  practice  before  the  student  in  a  simple  form,  and  in  a 
light  by  which  he  will  more  readily  recognize  the  bearings  of  the 
mathematical  calculations  on  this  subject,  than  has  been  usually  the 
case  in  English  works.  The  second  part  of  the  volume  contains 
the  only  Theoretical  Treatise  on  Water  Power  of  the  least  practical 
value  hitherto  printed  in  the  English  language.     The  real  import- 

m 

ance  of  such  a  treatise  will  be  variously  estimated ;  but  as  it  is  the 
first  publication  in  which  a  systematic  attempt  is  made  to  familiarize 
English  Machinists  with  the  application  of  exact  reasoning  in  deve- 
loping the  theory  of  the  machines  treated  of,  it  is  believed  that  it 
must  be  interesting  to  them,  and  if  so,  it  cannot  fail  to  be  useful 
likewise." 

The  most  available  treatise  on  the  numerous  forms  of  reaction 
wheels,  and  other  turbines  to  which  the  American  student  has  access, 
is  believed  to  be  embraced  in  this  volume.  The  author,  it  may  be 
observed,  has  not  contented  himself  with  giving  a  general  theory  on 
that  subject,  but  by  skillfully  analyzing  the  several  efiects  produced, 
and  computing  separately  the  prejudicial  and  the  useful  resistances 
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to  the  action  of  the  water,  ha«  presented  conclusions  challenging  the 
highest  confidence,  especially  as  thej  stand  confirmed,  in  most  cases, 
by  the  results  of  numerous  direct  experiments. 

In  reference  to  the  water-pressure  engine,  also,  it  may  be  said  that 
the  present  volume  will  afibrd  to  the  American  student  the  most 
direct  and  positive  information  as  to  the  useful  application  of  water 
in  that  species  of  motor. 

In  the  original  work  of  Prof.  Weisbach,  the  second  volume  em- 
braced the  science  applicable  to  the  steam  engine,  but  as  that  sub- 
ject has  now  assumed  so  distinct  an  importance,  and  as  its  numerous 
topics  and  improvements  could  scarcely  be  presented  with  sufficient 
clearness,  in  a  less  space  than  an  entire  volume,  it  has  been  deemed 
expedient,  in  imitation  of  the  English  translator,  to  reserve  that 
branch  of  the  mechanics  of  engineering  for  a  separate  treatise. 

In  assigning  to  their  appropriate  chapters  the  additions  of  the 
translator,  which  had  in  the  English  edition  been  thrown  into  the 
form  of  an  appendix,  we  have  been  guided  by  a  desire  of  rendering 
the  work  more  serviceable  to  the  student,  by  placing  before  him  the 
whole  matter  pertaining  to  each  branch  under  its  appropriate  head. 

We  have  added  a  few  articles  particularly  relating  to  the  strength 
of  materials,  which,  we  hope,  may  not  be  found  uninteresting  to  the 
student.  Indeed,  when  we  take  into  view  the  lamentable,  and  often 
wilful  and  obstinate  disregard  of  the  truths  which  science  has  elicited 
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erect  public  works  wholly  discreditable  to  the  natioD,  is  an  additional 
reason  why  works,  written  for  the  purpose  of  imparting   correct 
information  on  the  physical  properties  and  the  relative  values  of 
materials,  ought  to  be  diligently  studied  by  those  who  desire  correct  , 
and  reliable  knowledge. 

The  liitt  of  illustrations  which  we  have  added  will  much  facilitate 
reference  to  the  several  topics  to  which  they  relate,  and  the  execu- 
tion of  the  cuts,  with  the  creditable  manner  in  which  they  have  been 
used  by  the  printer,  will  be  sufficiently  apparent  to  the  most  casual 
observer. 

WlBHIHOTOX,  JugUMt^   1849. 


AUTHOR'S  PREFACE. 


In  writing  this,  the  second  volame,  I  have  adhered  as  closely  as 
possible  to  my  views  of  what  the  work  should  be,  as  explained  in 
the  preface  to  the  first  yolume. 

I  am  aware  that  these  views  are  not  adopted  by  all  who  are 
capable  of  judging  in  the  matter,  and  that  a  more  general  and 
mathematical  treatment  of  the  subject  would  have  been  preferred  by 
many.  But  I  have  now  long  experience  in  teaching  to  fall  back 
upon,  and  am  thereby  convinced,  that  the  comparatively  elementary 
style  adopted  as  it  can  be  followed  by  those  who  have  not  made 
extensive  mathematical  acquirements,  will  more  surely  lead  to  the 
introduction  of  applications  of  Mechanical  Science  in  the  routine 
practice  of  engineers,  than  the  more  general  methods  of  treating 
these  subjects  have  done. 

A  basis  on  true  principles  and  established  facts,  and  simplicity  in 
the  method  of  analysis,  are  the  main  requisites  in  a  work  intended 
for  the  instruction  and  guidance  of  practical  men.  And  it  is  chiefly 
the  want  of  these,  in  technical  literature,  that  has  retarded  the 
introduction  of  science  amongst  those  engaged  in  the  execution  of 
works,  and  the  erection  of  machinery.  If  in  evolving  rules  of  art, 
imperfect  facts  be  assumed,  or  unwarranted  hypotheses  be  adopted — 
if  the  essential  be  not  distinguished  from  that  which  is  merely  col- 
lateral, and  if  important  considerations  be  neglected,  it  cannot  be 
expected  that  the  rules  deduced,  however  correct  the  process  of 
deduction,  will  be  available  for  any  useful  application.  But  this  is 
no  uncommon  fault.  Authors  forget  that  the  mathematics  can  only 
guide  our  ideas,  and  not  give  us  any :  and  thus,  in  admiration  of 
their  analytical  processes,  they  often  overlook  the  worthlessness  of 
the  premises.  Hence  it  arises  that  practicians  not  unfrequently 
reproach  theory  as  valueless,  whilst  it  is,  in  reality,  the  facts  of  the 
case  that  have  been  erroneously  stated  or  applied.  Besides,  it  is 
not  an  easy  matter  to  deduce  rules  of  art  by  the  principles  of 
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science ;  for  this  requires  not  only  an  intimate  acquaintance  with 
the  subject  investigated,  but  generally  requires  special  observations 
or  experiments  to  be  made,  in  order  to  create  the  factSj  so  to  speak, 
that  are  to  be  reasoned  upon  and  reduced  to  a  theory  which  shall 
interpret  them. 

In  this  second  volume  of  his  work,  the  Author  has  done  his  utmost 
to  develop  theories  that  will  be  found  applicable  in  practice — to 
furnish  the  guide  above  alluded  to— well  aware,  however,  that  his 
endeavors  have  only  imperfectly  succeeded. 

This  volume  is  divided  into  two  parts ;  the  first,  the  application 
of  Mechanics  in  Construction,  and  the  other  to  the  theory  of  Ma- 
chines recipients  of  Water  and  Wind  Power.  The  Author  regrets 
now  his  not  having  entered  more  at  large  into  a  discussion  of  the 
theory  of  the  construction  of  wooden  and  stone  bridges,  and  more 
particularly  not  to  have  been  able  to  avail  himself  of  the  information 
contained  in  Ardant's  JStudes  sur  rstublissement  des  charpentei  d 
grande  portSe,  as  this  subject  is,  in  these  times  of  railway  extension, 
of  especial  importance  (in  Germany). 

The  second  part  of  the  volume  is  as  concisely  written  as  was  con- 
sistent with  the  object  I  had  in  view.  I  now  regret  having  been  so 
brief  on  the  important  subject  of  Dynamometers.  The  chapter  on 
Turbines  may  appear  to  some  to  err  in  excess,  from  my  having  given 
the  details  of  the  theory  and  construction  of  the  0I4  impact  and 
pressure  turbines ;  but  I  consider  that  it  is  important  to  be  aware  of 
the  faults  or  imperfections  of  one  construction  of  a  machine,  in 
order  fully  to  appreciate  the  improvements  introduced  in  a  more 
erfect  one.     Again,  the   applicatioa  of  Water-preBsure  Engines, 
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SECTION  L 


THE  APPLICATION  OF  MECHANICS  IN  BUILDING. 


CHAPTER   I. 


OF  THE   EQUILIBRIUM   AND   PRESSURE   OF   SEMI-FLUIDS. 

§  1.  Sandj  earth,  cam  seedsy  shatj  ^c.  ^e.,  maj  be  considered  as 
umirfluicU. — The j  resemble  fluids  in  so  far  as,  like  these,  they  require 
external  support  that  they  may  preserve  a  particular  form.  The 
mutual  adhesion  of  the  parts  of  semi-fluids  is  of  course  greater  than 
in  the  case  of  water.  Water  always  requires  external  support, 
while  this  is  only  the  more  frequent  case  with  so  called  semi-fluids; 
and  whilst  water  is  in  equilibrium  only  when  its  surface  is  horizontal, 
the  disitUegrated  mMses  or  semi-fluicu  in  question,  may  be  in  stable 
equilibrium,  though  their  surface  be  inclined. 

If  the  parts  of  a  disinte^ted  mass  be  connected  by  their  mutual 
friction  alone,  the  mass  will  be  in  equilibrium 
when  its  surface  is  not  inclined  to  the  horizon 
at  a  greater  angle  than  the  angle  of  repose  p 
(Vol.  1.  §  159).  The  natural  slope  of  disinte- 
grated masses  is  determined  by  the  angle  of  re- 
pose.    If  by  the  slope  of  a  declivity^-B,  Fig.  1, 

we  understand  the  ratio  -  of  the  base  AO^h  to 
a 

VOL.  II. — 2 


Fig. 
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PBESSrRE  OF  EABTH. 


the  hciglit  CB^a,  it  is  evidently « 

to  the  co-efficient  of  friction  f^  -~ 

a 


■'Cotang, 
1 


P,  Qfj  as  tang,  p  is  etjual 


Fig.: 


According  to  Martony  de  Kd'^zeffh^  the  natural  slope  of  perfectly 
dry  soil,  for  exainplej  =  l,*248j  and  for  moist  soil  =  1,083,  HeDce^ 
the  angle  of  slope  in  the  first  case  is=  39^,  and  in  the  second  48^« 

For  very  fine  sand^  the  slope  =^^  therefore,  the  angle  of  slope 
=  31°,  For  rye  seeds,  the  author  found  p=30^j  for  fine  shot 
p  =  25*^,  and  for  the  finest  shot  p^  22p. 

litnmrk.  Eiperimenu  on  liie  §Iope  ofHmtitegffttefl  ma£i«^  lire  made  by  heaping  them 
upi  and  dressitig  them  off  Irom  V^glqw-  tijiwor^j. 

§  2,  Premure  of  Earth* — If  a  disintegrated  mass,  such  as  earth, 
be  supported  by  a  retaining  wall,  it  exerts  a  pressure  {pounsee) 
against  it,  a  knowledge  of  which  is  of  importance  in  practice.  Sup- 
pose a  body  of  earth  M^  Fig.  2,  supported  by  a  retaining  wall  AC^ 

the  back  of  which  ib  vertical.  Take 
as  a  first  case  that  the  earth  and  wall 
are  the  same  height,  and  the  earth's 
surface  in  no  way  extraneously  loaded. 
Suppose  that  a  wedge-shaped  piece 
AI}^  separates  from  the  general  maas, 
and  thus  rests  on  the  retaining  wall  on 
the  one  side,  and  on  the  eartb  on  the 
other;  put  the  height  AD  of  the  earth 
and  wall  ^  A,  the  density  of  the  earth  M=  y,  and  the  angle  AED 
which  the  surface  of  separation  AE  makes  with  the  horizontal ^=sf. 
Let  us  consider  a  length  of  the  mass  (at  right  angles  to  the  plana  of 
the  figure)  equal  unity,  then  the  weight  of  the  wedge  ABE: 
^^AD.^BE  1 , ^^  I  X  ,  ^ ^o(^.  ^  ,  y=^h*€Otg,  t '  r- 

The  vertical  back  AI)  is  acted  upon  by  the  pressure  SP^P  at 
right  angles  to  it ;  and,  therefore,  it  may  be  assumed  that  an  equal 
opposite  horizontal  pressure  maintains  the  priara  APE  on  the  in- 
clined  plane.  We  know  also  (Vol,  L  §  159)  that  a  force  will  be  taken 
up  by  a  body  if  its  direction  doea  not  deviate  from  the  normal  to  the 
plane  of  contact  by  more  than  the  angle  of  repose,  and  we  may, 
therefore,  assume  that  the  second  component  force  R  of  G  is  taken 
np  by  the  mass  below  JIE^  even  supposing  its  direction  to  deviate 
from  the  norma!  SJT  by  angle  Ufiyv^p.  As  JfSG^.^ED^f, 
we  have  RSG  =  p  —  p,  and,  therefore,  the  horizontal  proesuro  on 
the  retaining  wall  P=  C  tanff.  (f  —  p),  (compare  VoL  I,  §  162)^  or 
P=s  I  h^  y  cQtg*  t  tang,  (t  —  p). 

This  force  depends  upon  an  unknown  angle  ^^  or  upon  the  dimen- 
sions of  the  prism  of  pressure,  and  is  thus  different  for  different 
values  of  t ,  and  a  maximum  for  a  certain  value.  If,  now,  ADE 
be  the  prism  of  greatest  pressure,  and  ADO  a  prism  exerting  a 
less  pressure,  we  have  in  AEO  a  prism  which  requires  no  force  to 
maintain  it  on  its  basis,  but  which  would  rather  require  some  force 


.  '-C- 
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to  pnll  it  downwards.  And  so  for  other  wedges  AOff,  kc,  into 
which  we  might  divide  AEF^  because  these  rest  on  still  less  inclina- 
tions; we  may  therefore  assume,  that  by  an  opposite  force  equal  to 
the  maximum  pressure  P,  not  only  the  prism  ADE,  but  also  the 

S^rism  below  A^  and  AEF,  is  perfectly  sustained,  and  that  there- 
ore  this  maximum  pressure  is  that  which  the  retaining  wall  is  sub- 
jected to  from  the  whole  mass. 

§  8.  Prism  of  greatest  Pressure. — We  must  now  determine  the 
prism  of  maximum  pressure.  We  have  manifestly  only  to  determine 
that  value  of  t  for  which  eotang.  p  tang,  (t— p)  is  a  maximum. 

Now  eotang.  t  tang.  (»— p) »  ^^'  g  »  ~  PJ  ~  ^f '  \  and  as  this 

s%n.  (2  t  —  p)  -I-  sm.  p 

fraction  is  greater,  the  greater  sin.  (2  ^ — p)  is,  we  shall  have  eotang. 

t  tang,  (t — p)  a  maximum  when  sin.  (2  t — p)  is  a  maximum,  that 

is  «■  1,  or  2  t — p  =  90°,  t.  «.  t  =  45°  +  |.     Hence  we  name  the 

pressare  of  the  earth  against  the  retaining  wall: 

P-  J  A»  y  eotang.  (45°  +  0  tang.  (45°  —  |), 

or  since  eotang.  Ub°  +  |\  =  tang.  (45°  — |V 

P-iA»y[«««i^.(45°-|)J. 

The  complement  of  ♦  =  45°  +  t,  is  DAE=>  45°  —  ^,  =  ^^°""'' 

^  2  2 

n  one  half  of  DAFihe  complement  to  90°  of  the  angle  of  friction  p. 
Therefore  the  surface  AE  of  the  prism  of  pressure  bisects  the  angle 
DAF  which  the  natural  slope  AF  makes  with  the  vertical  AD.  We 
can  now  very  easily  compare  the  pressure  of  a  disintegrated  or  semi- 
fluid mass  with  that  of  water.  In  the  latter  the  pressure  is  \  h^  y^ 
(Vol.  I.  §  276),  when  h  =«  height,  1  =  breadth  of  the  pressed  surface. 
In  the  case  of  earth,  on  the  other  hand,  we  have  the  pressure 

P=  jA«.r.[ton^.(45°_|)J, 

where  y,  ^  the  density  of  water,  and  i  the  specific  gravity  of  the 
semi-fluid.     Hence  the  pressure  of  earth  is  always 

» jton^.  J  45°  —  ^  j  I  times  as  great  as  the  pressure  of  water,  or  the 
pressure  of  a  semi-fluid  may  be  set  as  equal  to  the  pressure  of  per- 
fect fluid  of  specific  gravity  §  Vtang.  [45°  —  ^  j  | . 

Thus  we  see  that  the  pressure  of  earth  increases  gradually  from 
the  surface  downwards,  or  is  proportional  to  the  pressure  height. 

It  follows,  likewise,  that  the  ceyitre  of  pressure  of  earth-works, 
tc.  &c.,  coincides  with  the  centre  of  pressure  of  water,  and  that, 
therefore,  in  the  case  in  question,  where  the  surface  is  a  rectangle, 
it  is  at  one-third  of  the  height  h  from  the  base  (Vol.  I.  §  278). 
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COHESION  OF  SEMI-FLUID  MASSES. 


Exanmk.  If  the  specific  gravity  of  a  raa«  of  com  seeds,  heaped  6  feet  high,  be  0,776 
(Vol.  I.  S  291,  remark  1),  it  exerts  a  pressure  against  each  foot  io  length  of  a  yertical 

wall:  P«B  J .  6« .  0,776  .  63  .  [ (tang.  45«  —  ItA T ■«  18  .  63  .  0,776  (tamg,  20y  wm 
880  X  0,5773,5* -K293i  Ib>-  (English.) 

§  4.  Cohesion  of  Semi-fluids. — In  the  above  investigations  we 
have  omitted  to  consider  the  eoJiesiony  or  that  mntual  union  of  the 
parts  of  the  mass,  increasing  with  the  surface  of  contact.  As  this 
cohesion,  however,  in  the  case  of  the  less  disintegrated  masses,  as, 
for  instance,  in  well  compacted  earth,  is  not  unimportant,  we  shall 
now  introduce  it  into  the  formula.  Let  us  put  the  modtUus  of  co- 
hesion, or  the  force  of  union  for  the  unit  of  surface  of  contact  »  s, 
we  have  for  the  case  shown  in  Fig.  2,  the  force  required  to  separate 
the  prism  ADE  on  the  surface 

JiEy   BB   1   •  AE  .  m   BB    —^ . 

The  vertical  component    .*      sin.  ^m^uh  counteracts  gravity,  and 


the  horizontal  component 


sin.  t 
»h 


«tn.  t 


.  COS.  t »  s  A  coig.  t,  counteracts  the 


pressure.  If,  therefore,  we  introduce  into  the  formula  P^G  tang. 
(t — p),  instead  of  P,  P  +  «  A  cotang.  pj  and  instead  of  G,  G  —  »  A, 
we  then  obtain  the  equation : 

Pma(G  —  xh)  tang.  (♦  —  p) — x  h  cotang.  ♦. 
If  again  we  substitute  Gf «  J  A*  y  cotang.  t,  we  have : 

P  =  ( J  A*  y  cotang.  t  —  *  A)  tang,  (t  —  p)  —  »h  cotang.  t- 
It  is,  however,  convenient  to  make  the  following  transformations 
in  this  formula.j"/  ^^r  </^/  c* ^/</ r^^i^/  ^,c /. ' //^z-.  ^  •«  «^/V  t^/^. 
P—  A  [( J  A  y  +  »  cotang.  p)  cotg.  t  tang,  (t — p)—  »  cotang. 
t  —  «  (1  +  cotg.  t  cotg.  p)  tang.  (♦  —  p)], 


,  as  tang.  {t-p)=    ^^^^^^  —  ^<^^0*^ 


1 


gUHCHAEQED  MASSES  OF  EARTH. 


n 


I  i»r  as  ci>i€^ng.  p  i 


-»  and 


1  _[(.«,.  (45'>_t)  J 

=  ^tang.  (45=-  +  |)  -  («n^.  (45°  _  0]  tang.  (45°  _  0, 

I  J*  -  i  A»  y  [tanir.  (45«  —  ^T—  2  A  ,  tonjf.  (45°  —  0 

,  h  tang.  (45°  - 1)  [^^  f<i«^.  (45°  - 1)  -  2  »  } 

This  force  is  0  for  J  A,  y  tang.  (45°  —  0=2  «,  that  is, 

for  h,  = ^i 

r  ia«i7.  (45°  —  0 

For  this  height,  therefore,  a  coherent  mass  may  be  cut  vertically, 
ind  should  continue  so  to  stand.  Inversely,  from  the  height  A,  of 
the  vertical  face  of  auy  soil,  we  may  deduce  the  modulus  of  cohesion, 
tat 

»=iS,y(«ny.(45°-0. 

Thwefore,  the  cohesion  of  a  mass  is  greater  or  less,  according  to 
the  height  A,  for  which  it  maintains  a  vertical  face. 
If  we  introduce  hy  into  the  expression  for  P,  we  obtain : 

P  »^(A-AO  [*««./. (45«—0 J. 

For  &&Ed^  seeds,  shot,  and  for  newlj  turned  soib,  h^  is  very 
nail ;  for  compressed  compact  soils,  it  is  sometimes  considerable ; 
for  disintegrated,  moist  earth,  Martony  found  Ay^0j9  feetj  whilst, 
for  the  same  material  soaked  with  water,  Aj=  0.  According  to  cir* 
cumstanceg,  a  vertical  face  of  from  3  to  iSfeet  maintains  itself  ia 
\  different  sods. 

In  most  cases  of  practical  application,  it  is  advisable  to  omit  the 
(effects  of  cohesion, 

1 5.  Surchinjed  Mm»€E  of  Earth. — If  the 

earth-work  j¥.  Fig,  3,  be  loaded  on  the  sur-  ^Jp-  ^■ 

face,  with  buildings  or  otherwise,  as  DEH, 

the  retaining  wall  undergoes  an  increased 

|{»r€saare.     To  determine  tnis  increased  pres- 

laure,  let  ub  put  the  pressure  on  each  square 

[foot  of  the  horizontal  surface  =  9,  then  the 

pressure  on  the  surface  for  JIDE^^  .  DE 

aqh  cotang*  tj  and,  therefore,  the  horizontal 

pressure,  without  reference  to  cohesion  : 

P^[G  +  qh  cotang,  f)  tang,  (f  —  h) 

9* 
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—  (i  A*  y  +'J  h) .  eotg.  ^  tang,  (t  —  p),  or  as  f  46°  +  ^ 

P  -  ( J  AS  +  qh)  ^tang.  (45°  -  0]*. 

To  find  the  point  of  application  of  this  force,  we  most  decompose 
it  into  its  two  parts  \  h}  y  Viang.  M5°  —  M  j  and 

q  h  Viang,  f  45^  —  ^  j  | .  The  first  part  has  its  point  of  applica- 
tion at  \  of  the  heieht  h  above  the  base  A^  and,  therefore,  its  stati- 
cal moment  referred  to  this  point: 

-  i  • » »• '  ['«^- («°  - 1)]"- t' ['^- («°  -  0]'> 

By  the  second  part,  however,  equal  portions  of  the  vertical  wall  are 
equally  pressed,  and  therefore  the  resultant  pressure  of  this  part 
passes  through  the  centre  of  gravity  of  the  wall,  and  acts  at  half 

the  height  ~  from  the  base.  Hence  the  statical  moment  of  the  se- 
cond force 

-  i  • »» H-  («"  -I)]"-  '4  [t'-  (""-i)]"- 

The  moment  of  the  entire  pressure  is  thus: 
(4  ^^y  +  i  y  A*)  Viang.  (i5P  —  i\  | ,  and,  therefore,  the  leverage 

of  the  force,  or  the  distance  .^0  »  a  of  its  point  of  application  0 
from  the  base: 


"*•'+**•"  ['-^■fc'-D J  ,j.,+j 


«, 


-T 
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which  the 


CU 


securit 


I 


I 


?s  forward  or 
eflfccts  of  mortar, 
take  only  the  friction  between  the  beds  into  consideration.  From  I 
the  force  P,  and  the  weight  G  of  the  part  CU  of  the  wall,  there  | 
results  a  force  KR  ==  R  upon  the  magnitncje  and  direction  of  which  \ 
the  pnssibilitj  of  an  overturn  or  iliding  forward  of  this  part  of  the  I 
wall  depends.  If  the  angle  RKG^  by  which  this  resultant  deviates  \ 
from  the  normal  to  the  plane  of  separation  t/F,  be  less  than  the 
angle  of  friction  ^j  the  wall  cannot  slide  forward  ( VoL  I,  §  159);  and  ' 
if  the  direction  of  the  resultant  pass  within  the  joint  or  plane  of 
separation,  then  rotation  about  tho  axis  V  is  not  possible  (Vol  I, 

51^^)-  ....  .  1 

In  most  cases  of  application  it  will  be  found  that  rotation  more  I 

readily  takes  place  than  sliding^  and  therefore,  in  building  retaining 

wallsj  provision  against  the  former  has  to  he  made*     Rotation,  or 

heeiin^  is  the  more  apt  to  occufj  in  as  much  as  it  not  un frequently 

takes  place,  not  about  the  axis  V^  but  about  a  point  i\  nearer  the 

resultant  R\  because  the  pressure  concentrated  in  F,  compresses  or 

breaks  the  stone  near  the  point  V, 

If  the  points  of  intersection  W,  for  a  series  of  resultants  R  pass* 
ing  through  the  joints,  he  found,  and  a  line  drawn  through  these, 
we  have  what  is  termed  the  line  of  reiktance^  and  it  is  easy  to  per- 
ceive that  an  overturn  of  the  wall  cannot  take  place^  so  long  as  this 
line  does  not  pass  beyond  the  jointB  of  the  walL 

If  the  force  P^  which  the  wall  has  to  withstand,  deviates  in  direc-i 
tion  from  the  vertical  more  than  the  angle  p,  there  can  be  no  ques-l 
tion  of  its  sliding,  because  the  resultant  of  F  and  G  always  makes  a 
smaller  angle  with  the  vertical  than  P  alone. 

5  7,  Slipping  of  Walk, — ^If  we  substitute  for  P  the  pressure  of 
earth  found  above,  we  can  determine 
the  thickness,  having  which,  a  wall 
will  be  sufficient  to  withstand  this 
pressure*  Let  us  consider,  in  the 
&rat  place,  the  case  of  slipping  for  a 
wall  JlCj  Fig*  5*  Suppose  that  the 
earth-work  pushes  forward  the  part 
UC,  on  the  joint  UV\  If  we  put  the 
thickness  at  top  of  wall  CD  =  &,  the 
relative  batter  ^  n,  and  the  height 
DU=  X,  we  have  the  thickness; 
UV=b  +  nXj  and  the  contents  of  UC  for  1  foot  in  length 

^hx  -^  — -,  andj  therefore,  the  weight, 

5  +  —  I  ^  yjj  y,  being  the  density  of  the  masonry.     For  the 
pressure  of  the  earth  on  Dt/,  we  have  generally; 


jm 


Fig.  5. 


1 

%mJ 
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r tariff.  ^5^  —  ^)  I  ;  or  as  t  most 


and  hence,  for  the  angle  RKG  =  t  made  by  the  resultant  R  with  the 
vertical : 

be  less  than  f ,  therefore,  taiiff,  f  ^  /j 
^^^"^^      ,  Vtang.  f  45^  _  ^\T  <  f,  from  ivhich  we  have  the 

thickness  of  wall : 

For  x=  0  we  have  the  thickness  at  the  top: 

b  >  -3^  Vtang.  As^  _  |\1 ,  therefore,  for  {«  0,  we  have  J»1 

for  x^hj  the  whole  height  of  wall,  the  thickness  is : 

'>*-^['««^-(«°-|)]'-T- 

To  apply  this  formula  to  a  dyke  or  datn,  we  must  put  9—0^  and 

9  =  0;  then  we  get  h  >  (4 n]  1  (Vol.  I,  §  280). 

V/r,  /2 
The  formulas  give  for  r^  =  0,  (that  is,  when  the  surface  of  the  fluid 
or  semi-fluid  rcachea  to  the  top  of  the  wan)j  the  breadth  at  top™  0 ; 
but  experience  has  proved  that  the  thickneBS  here  should  rarely  be 
less  than  2  feet,  and  in  positions  liable  to  wear  and  tear,  always 
above  this  dimension* 

littHatL  The  co-efficient  of  friction  for  stoaei  and  brirki  iu  ocmtacl  with  eacU  other 
(Vol  L§  liSl)t  is  from  0*67  to  0,7&,  Anil  when  n  bed  of  fresh  inDrtar  ia  interposed,  only 
0,60  to  0,70.  Moriar  once  Hi,  aeu  by  cobesion  or  adhcaion,  ami,  nceording  to  fibkmrJi 
The  cohesion  of  mortar  is  from  SOO  to  1600  Ibi.  pet  tquare  foot.  At^^ording  10  Modlli 
this  urnouiH*  to  from  2000  to  50Q0  rbs. 

§  8.  Abutting  Hemstanct  of  EartL — We  must  distinguish  between 
the  active  and  pasdm  presiure  of  the  earth.  In  the  cases  hitherto 
considered,  the  pressure  is  active^  pressing  against  a  passive  resist- 
ance. The  prcsfare  of  earth,  however,  becomes  passive  when  it 
opposes  an  active  force  as  resistance,  as  when  it  resists  the  thrust  of 
ati  arch^  &c.  &c.  Poncelet  has  termed  this  effect  of  earth- works 
but/^e  des  terres  (German,  Hehekraft  der  Erde)^  and  Moseley  has 

termed  it  remtance  of  earth.  The 
resistance  which  a  body  opposes  to 
being  puslied  up  an  inclined  plane^ 
is  greater  than  the  force  necessary  to 
prevent  the  sliding  of  the  body  down 
the  inclined  plane^  and  just  so,  in  the 
case  of  disintegrated  masses,  the  re- 
sistance which  they  oppose  to  a  ver- 
tical surface,  moved  horizontally*  is 


Fig,  e. 


oq 
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For  iecurity,  a  m-efficwnt  of  statility  1,4  haa  been  introduced  (by 
French  engineers  for  the  r&viiement  walls  of  fortifications),  and 
therefore  the  depth: 


{''°-'i)\ 


jti^  y  ^tanff.  (45*^  _  |)  J-  2/ C? 


n 


A  J  =  lj4  tanff 

ia  given  to  sQch  walls, 

ExnmpU.  To  what  Jeptli  must  a  pfimllel  wail  B  feet  ibick,  and  L3  fe^t  ciear  heiglit, 
have  jta  fotitidaUon  Hunk^  ibflt  it  may  withstand  the  press u re  of  wisler  ttantling  level 
with  the  lop  of  the  wall?  In  thia  ease  f  =  0,  y  =5  62,^5  lbs,  (for  which  we  take  63) 
A  s  1 3  feet;  »lso/=  0,3,  |,  =  30°,  j.  =  1,0  x  0-i  ^  I'^M  Iba.,  and  Q  (the  densilf  of  Uie 
masonrj)  being  3  X  ti3  =*  I2tj  lbs,,  must  be  =  8  X  13  X  1^&  "  131tH  lU.,  therefore, 
1,4  lan^.  (45--  15-)  Jl3^  X  ^3^2-^.3  X  l3ltM  _  ^^^^  ^^^  ^^^  ^^^^^^ 


K 


Fig.  8. 


§  10.  ffeeUng  of  Retaining  Walls. — In  order  to  appreciate  a 
retaining  wall  in  reference  to  stalility,  it  ia  necessary  to  de- 
termine its  line  of  resiMiince*  For  simplicity, 
we  shall  first  take  a  parallel  .watt  *^6\  Fig.  8.  If 
we  bad  only  a  horizontal  force  KP  =  P  to  deal 
with,  the  point  of  application  of  which  is  at  a  dis- 
tance DO  =  a  from  the  copo  of  the  wall,  the  line 
of  resistance  would  he  a  hyperholt^'  as  the  follow- 
ing fiimple  view  of  the  subject  shows*  Of  the  force 
P  (whose  point  of  application  we  assume  in  the 
line  passing  through  the  centre  of  gravity  of  the 
wall)  and  the  weight  G  of  XIVCD^  the  resultant  is 
R  which  intersects  UV  in  W^  a  point  in  the  line  of 
resistance  sought.  If  we  now  put  the  thickness  of  the  wall  jIB  = 
CD  =  b^  its  density  =  y^,  the  abscissa  K*N*=  x,  and  the  ordinate 
,YJr=y,  we  have  G  =  {a  -{-  x)  b  y^,  and  from  similarity  of  tri*  , 
angles : 

KWJ^mA  KRG:  ^  ^  ^,  that  kl^ ^^--;— i 

AW*       AG  X      {a+x^by' 

and  hence  the  equation  of  the  line  of  resistance  ^  = 


From   this  we  see  that  when   2:  ^  0,  ^/  =  0,  and  for  3?  =  op, 

y  =  ..^^j  and  for  x=  —  a^  y  ^ 


00,     The  curved  line  of  resist- 


Fie.  ^ 

1 

■ 

ance,  therefore,  passes  through  K^  and 

has  not  only  the  horizontal  CD^  but  like- 
wise a  vertical  EF  for  asymptote,  distant 

ST^  -^^  from  the  centre  of  gravity  S  of  1 

by, 
the  wall. 

It  is  otherwise,  of  course,  for  a  wall  to  ' 
withstand  pressure  of  earth  or  water  aa 
*^C,  Fig.  9,  for  here  a  is  variable,  because 
P  ia  applied  at  a  point  [/  it  |  of  the  height 
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DU  from  the  base.  If  we  draw  the  end  of  the  vertical  line  through 
5 as  ori^  of  the  co-ordinates,  that  is,  if  we  put  HJ\r=  Xj  we  have: 

i.ji.,«r«i.-J^,[,«.,.(45o_|)J, 

y  s  —1—  r ton^r.  /  45^  —  i  j  j  .  a:*.     This  equation  corresponds  to 

the  common  parabola  with  absciss  y  and  ordinate  x. 

If,  however,  we  suppose  the  earth-work  carried  a  height  h^  above 
the  cope  of  the  wall,  we  must  adopt  the  proportion : 

^        «■  -^-^  Viang.  [45^  —  i\  |  {x  +  AJ*,  whence  we  have  the 

""•"""^  -  «-fc['«^-(«°  -DJ-^^- 

§  11.  The  stability  of  a  retaining  wall  requires  not  onlv  that  the 
line  of  resistance  Ke  within  the  wall,  but  also  that  it  shall  not  come 
too  near  the  outside  of  it.  The  famous  Marshal  Yauban  gives  the 
practical  rule :  that  the  line  of  resistance  should  intersect  the  basis 
of  the  wall  in  a  point  whose  distance  from  the  vertical  passing 
through  the  centre  of  gravity  of  the  wall  is  at  most  i  of  the  distance 
of  the  outer  axis  of  the  wall  from  this  line.     If,  as  Poncelet  does, 

we  call  the  reciprocal  of  this  number,  or  the  ratio  -—-  between  the 

distance  of  the  outer  axis  from  the  vertical  passing  through  the 
centre  of  gravity,  and  the  distance  of  the  point  of  intersection  L 
of  the  line  of  resistance  from  this  gravity  line,  the  co-efficient  of 
ttahHiti/j  and  represent  it  generally  by  «,  we  have  for  the  stability 
of  a  parallel  wall,  withstanding  the  pressure  of  earth,  (by  introducing 
into  the  last  formula  instead,  pf  a;,  the  height  h  of  the  wall,  and 

mstead  of  yi^y    -'*:'/•' 

and,  therefore,  the  requisite  thickness  of  the  wall : 

».(»+A,)^^.(««_|)Jii.*+i. 

If  for  a  we  substitute  }  =  2,25,  and  for  X ,   §   a  mean  value,  we 

Ti 

get:  

6=  0,707  (A  +  h,)  ^^A .  tang.  (45-  _ 0. 

If  we  take  p  =  30°,  we  obtain  6  =  0,4  (A  +  h,)  J^-^  • 
Poncelet  gives :  _ 

J  =  0,865  (A  + Aj)  tang.  /45°  _|\  J-,  or  approximately: 
Jaa  0,285  (A  +  Ai),  for  cases  in  which  h^  varies  from  0  to  2  /t. 


/ 
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Example.  What  must  be  the  thiclmess  of  a  panllel  wall  of  28  feet  in  height  to  retain 
broken  stones,  mine  rabbish  for  a  height  of  35  feet?  Assnming  that  the  density  of  tlie 
wall b:2,4x63=s  151,2  Ibe.  The  density  of  the  rubbish  1,3x63>b81,3  Ibs^  and 
^^50°.    According  to  Ponoelet*s  formula; 


13 


=  0,865  X  35  tang.  (45«— 250)     /^ 


:30,3 


^^.Umg.20^. 


b8,11  feet 


§  12.  Poncelet'%  Tables. — To  facilitate  applications  of  the  for- 
mula, Poncelet  has  calculated  the  following  table,  which  contains 

values  of  -  corresponding  to  given  values  of  -i,  — ,  and  p.     There 

are  two  cases  distinguished  in  the  table,  namely,  the  case  when  the 
earth-work  is  heaped,  as  is  shown  in  Fig.  7,  the  coping  being  covered, 
and  the  case  shown  in  Fig.  10,  where  a  berme  of  the  breaath  0,2  A, 
from  the  outer  edge  of  the  cope  of  the  wall,  is  left  before  the  natural 
slope  of  the  embankment  begins :  so  that,  in  short,  a  promenade  is 
left  of  the  width  CL  =  0,2  h. 

The  headings  of  the  table  explain  themselves. 


poitcelet's  tables. 
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,A  i 


X.  X 


o 

R     .- 

II 


o 

00 


II 


xi  X 


CiC^lOQCCirHC^l-pfiCt-QC^MI-CCC.CCi— COO 
r^G^  ^^  C'l^SO  50  CO  CO  CO  CO  Tf  'i'  >r5  i.'t  O  Jt*  Jt*  l- 

o  cTcT cTcT  o" cT cTo  o'o'' o"  o  o" o  o" o"  cT cT 


QO(NOi'^COeiOt«COt-t-t-<MO<MCOOi"^Oi 
Oi  <M  ^  Jt-  O  CO  O  00  rH  CO  »C  CO  (M  C^l  :C  1-H  <M  i^  t^ 
r-^C^l^C^I^G^C«5^CO^0O^CO^Tj^'^'i-^cr  O  l^  X  O  rH  1-H  <M 

O" O' O" cT O  cT o" CT O" cT  O  O  cT o" O*  r-T  r^'' r^ r-T 


O00U'5  0i<M05<NC0O-tOC'IU'^i-ir-ir-iOC005 

»ociTt<QO(?i'^t-oii-Hc^cor-ocoojt-QOQoa> 
co^co^'^'^io^o^ic^tr^co^co^-^^o^b- t^t-  i^  Jt-  t-  i-^ 

cT  o' cT o' cT  o*" cT gT  o*"  o*"  o"  o  o"  o"  o  o  cT o^  o* 


o  CO  o  CO  t-  00  i—  o  i-H  Qo  »<^  ;o  o  1.0  »Jt  d  o  00  i-H 
i— o<NTt*o<:ot-QOOc:oi-H<7^icoTt<»oiooo 

Cl^CO  COCOCOCOCOCOCOGO'^rfrf-f'^'t'^'Tj*-^ 

ocTcTcTcrcrcro  ocTo"©  o^ocTo'^Grcr cT 


u    » 

-     I 
II 

xl  X 


c 

II 


C4  00  ^ 
03  00  lO 


00(MCi0005<MCD<NOt-Ji-l^01i-iO00 
U'^QOOCOCOOCOr-i-HTft^OOi-HOOOO 
C^(MCOCOCOTt<"^'^OiOiOOQOOiG^iC 


t-  CD  Tfi 
iC  CO  -^ 
Jt-00  i-l 


OOOOOOOOOOOOOOiHi-lr-li-H(N 


c 

u 


II 

Xi  X 


C^lt-COOOOJt-'^OOOOCOiOTfOrHJt^OOliO 
iv'^OCOi-Ht^rHiOCi<NTf<t^'tOOOCOi*'?COt^ 
'^Oi-'^COOt-t^t^OCOOOOCiOOrHrHrHrHrH 


OOOOOOOOOOOOi 


<MOOQO'tiCCOOO'^t^COOCOt-Ot^COOOt^ 
OCiTt<00(MJt^<M-tOCOC'1000^000i-iCO 
Tf  't  Ut  O  CO  Jt-  t-  X  X  C5  C;  O  rH  T-i  fM  (M  CO  CO  CO 


o  o  o  o  o  o  o  o  o  o  o  ^ 


Or-tC^lCC-fOCDlr-aOOiO'tOOOOOO    Q 

*^  _^r.  ^■Tk  _^*^        i^       *^ »^  _^rt   _*,        *^        r-        "^  _  "^       '^        •"  <:~5    ^    ^      *-' 


1-1  (M  ^ 


;2 
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corre^ 


In  this  table  the  limiting  values  ha^e  been  prmcipallj  heH  in 

view.    Thug  ^  =  1  correaponda  pretty  nearly  to  one  limit  of  the  { 
r 

ratio  of  the  densities  of  masonry  and  earth,  while  ^  ^ 

r 
sponda  to  the  other,     Again^/  or  tang,  p  =  0,6,  ia  the  value  for  the 
least  coherent  earths^  and  /=  1^4  the  value  for  stiff  compaot  earth- 
workv     In  many  practical  caseSj  the  required  proportion  has  to  be 
deduced  by  interpolation* 

JUmiti^,  The  forma k  fiss  ,  865  (%+  A,)  tang.  MS** L  J     jtL  nivra  rc»ulU  cone- 

sponditig  with  those  In  the  table  to  within  ^^.  ^H 

The  Yakes  in  the  table  refer  to  parallel  walls,  buDt  with  mortar*  " 
If  the  external  batter  of  the  wall  does  not  exceed  0,2,  that  is  2,4  ! 
inches  per  foot,  the  breadth  h  found  aboirej  will  be  that  of  the  wall 
at  i  of  ita  height  from  the  base,  and  through  this  point  the  line  of 
batter  is  to  be  drawn, 

Htmark*  The  dim^naionft  resulting  from  Ponoelet  a  rules  or  tables  are  applied  iii  Fmnce 
for  wall?  of  fortification*,  but  give  ilimentioijs  mariif  ont/cmrtk  greater  than  the  average 
pmctice  of  civil  engtneers  in  Britain  for  iho  sanie  feloiive  circumatauces-^Tii. 


Ti^.  10. 


I  13.  Retaining  Walh  with  Batter. — If 

the  wall  has  a  batter^  or  if  its  profile  be  a 
trapezium  JW^  Fig,  10,  the  thickness  neces- 
sary to  insure  resistance  to  rotation  can 
only  be  determined  by  aid  of  a  complicated 
expression*  If  we  assume  the  face  ^^B  as 
the  plane  of  separation,  and  put  KF=^  OJl 
=  r,  and  FL  =  y,  we   then    haye    again : 

?^  ^  _,  and 


4 

i 


But  as  x=s  I  (A+AJj  and 

P  =  4  (A  +  hf  r  [tang.  (4o^  - 1)  J,  ^ 

and  if  b  the  thickness  at  top,  and  n  the  relative  batter,  therefore, 
fi  h  the  absolute  batter,  G  =  (ftA  +  ^  nk^)  y^,  and,  therefore, 


(A  +  A,r.Q^^^.(45^_0j 


The  distance  BF  of  the  outer  edge  of  the  wall  from  the  vertical 
passing  through  the  centre  of  gravity,  Is : 

b  +  nh       Zb  +  nh    nk  _  36'  +  6nAft+  2  nU' 
"       2       ^26  +  nh  ■  6  ■"  3  (2  J  +  «  A) 

and  hence  we  may  put : 

3 i*  +  6 nhb  +  2n'  A^  =.^  .  li+M'  ftang.  /45^  _  0T 
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and  hence  the  thickness  of  wall  at  top: 

Rtmark  I.  If  the  back  of  the  wall  have  a  batter  likewise,  we  have  a  different  prism 
of  greatest  pressure  to  deal  with,  because  the  force  applied  to  the  wall  is  no  longer  hori- 
zontaL  The  investigation  becomes  complicate,  and  we  forbear  to  enter  upon  it,  but  shall 
refer  lo  works  treating  of  the  subject. 

Rtmark  3.  Coulomb  was  the  first  to  propound  a  good  theory  of  the  pressure  of  earth. 
filer  **  Th^rie  des  machines  simples."  Prony,  in  his  <'Le9ons  sur  la  pous9^  des  terres, 
(1802,)"  extended  Gmkmib's  theory.  Navier  pursues  the  same  notions,  with  much  ele- 
gance and  precision,  in  his  "  Le^ns  sur  Tapplication  de  la  m^canique,  tome  r."  May* 
nieU  in  1808,  published  a  special  ueatise  on  the  pressure  of  earth,  in  which  the  observa- 
tions and  theories  of  his  predecessors  are  reviewed,  **  Trait^  experimental,  &&,  de  la 
pouss^  des  terres.''  C.  Martony  de  KOszcgh  made  experiments  on  a  large  scale  for  the 
Austrian  government,  which  were  published  in  1828,  under  the  following  title:  **  Ver- 
sucbe  fiber  den  Seitendruck  der  Erde,  ausgcfClirt  auf  h5chsten  Befehl,  &0.,  und  verbunden 
mit  den  theoretischen  Abhandlungen  von  Coulomb  und  Fran^ais,  Wien,  1828."  The 
most  complete  work  on  the  pressure  of  earth  is  that  of  Poncelet'in  the  "Memorial  de 
Tofficier  du  g^nie,  1838,"  and  which  has  been  translated  into  German  by  Lalimeyer, 
BfHunschweig,  1844.  In  Moseley's  **  &)gineering  and  Architecture,"  this  subject  is 
handled  with  great  eleiKance  and  success.  Hagen  has  a  chapter  on  this  subject  in  the 
second  part  of  his  admirable  "  Wasserbaukunst,"  in  which  he  takes  a  peculiar  view 
of  it 


CHAPTER  II. 

THEORY    OF   ARCHES. 


§  14.  Arehei. — An  arch  (Fr.  voUUe^  Ger.  Gewd'lbe),  is  a  system  of 
bodies  resting  upon  each  other,  and  supported  by  two  fixed  points, 
in  such  manner  that  they  are  in  equilibrium  not  only  among  them- 
selves, but  with  certain  external  forces.  The  material  of  these  bodies 
is  usually  stone,  and  hence  are  termed  arch-stones  (Fr.  voussoirs, 
6r.  Gewolbesteine).  The  planes  of  contact  of  the  stones  are  the 
beds  or  joints.  The  fixed  points  upon  which  the  arch  rests  are 
termed  abutments  {Fr.  Pieds-droitSj  Ger.  Widerlager),  and  in  cer- 
tain cases  piers  (Fr.  cuUes,  piliers^  (Jer.  PfeUe^.  Of  the  arch- 
stones,  the  nighest  is  termed  the  key-stone  (Fr.  clef,  Ger.  Sehluss- 
stein\  and  those  which  rest  on  the  abutments  or  piers,  are  termed 
imposts  or  springers^  (Fr.  cousstnets^  Ger.  Kdmpjer.)  An  arch  is 
included  between  two  more  or  less  curved  surfaces,  the  intrados  and 
extradoSy  which  are  sometimes  termed  the  soffit,  and  the  back  of  the 
arch. 

As  regards  the  intrados  and  cxtrados,  arches  are  very  various. 
Cylindrical  surfaces  are  most  usual,  but  conical  surfaces  occur,  and 
we  have  domes,  and  variously  proportioned  groinings.  Wo  shall 
treat  of  cylindrical  arches  only,  and  limit  ourselves  still  further,  to 
the  consideration  of  those  having  a  horizontal  axis.  Such  arches 
are  bounded  by  two  vertical  parallel  planes,  the  faces  of  the  arch, 
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(Fr,  parements^  Ger.  Stirnfl&chen,)    According  as  the  faces  are 

perpendicular  or  inclined  to  the  geometrical  axis  of  the  arch,  the 
arch  is  direct^  or  oblique^  or  skewed  (Fr.  droitesi  or  biaiM€$);  groined 
arches  or  viiults  (Fr,  voi^tes  d'arite^  Ger,  Krtuz^  or  Klo»ierffewdlbe)^ 
are  merely  intersecting  cjlindrical  arches.  Domes  or  cupolas  (Fr. 
vodfes  en  dome^  Ger,  Kuppel  or  KemelgewiMe)^  are  arches  generated 
by  the  revolution  of  a  curve  about  a  vertical  axis. 

As  regards  the  curvature  of  arches,  it  is  very  various.  The  sec- 
tion is  sometimes  circular^  sometimes  elliptical,  catenarian,  or  formed 
of  several  circular  arcs,  and  plate  bands,  or  straight  arches  are  some- 
times  built. 

Remttrk, — As  exp^^rience  ha*  nbtiixlanily  fimved  that  h relies  fnil  or  give  wny  bj  it 
folHikiirii  of  it<»termmaie  pnrls  muml  I  he  ed^es  wliefi?  certain  joints  rnfpt  the  pitrntJoB  Of 
intr«ilnp,  an<l  not  by  tluling  di^kicAtiont  we  net?d  Uero  nnly  consrder  the  oondji1no<  of 
equM>briuiii  in  refeTenee  to  the  former  cireumsionce,  niniuirij?  our  nnthor'a  inveMigution 
of  Ui^  iituer^  wliicJi  sbtiWt  u»  \^  UAiinll^  done  in  elementmy  tri?atiii^  of  rTit?eb«nki!»,  that 
for  (he  cps«  of  tft|iiddmuMV  wiihoitt  friction  ^ 'A*  weight  of  thr  arrh-Ponn  muMl  bt  to  mch 
Gihtr  m  thf  dtfferrnrtt  of  the  cotangrnU  of  the  angie*  of  imtinatioH  of  the  jointt  ta  the  hor> 
mn. — Tn. 

Remark — Th(*  dfsiocnfmn  of  an  nrHi  by  slipping  of  voyffoiri  might  *ieeuT  in  tw0 
wny?:  afeorfhriK  n*  lb*?  jnitu  of  maitimutn  pjr?wure  liei  ii!.«ive  or  bfJow  Uie  joint  of 
muiiinum  pressure.     In  tlie  former  case^  Fig.  IJ^  the  hauchpii  of  ibe  arch  isHile  ont,  ami 


Fig.  IK 


Fig.  \2. 


the  crown  sJip*  down.     In  thi^  other  ea^^  the  revtrse  bapprn^  Fijf,  12.     This  second 
pnte  jcatceiy  ever  occurs,  io  lUiit  we  »UuM  not  ffinber  li'i^ur  lo  iL 


Tm^X 


§  15,  Line  of  PreBBure  and  Re- 

shtanee. — An  arch  ia  so  mach  more 
likely  to  fall  in  by  rotation  round 
the  outer  or  inner  edge  of  a  joint, 
than  by  slipping,  that  the  former 
may  be  considered  m  the  usual  ac- 
cident. The  atability  of  an  arch 
in  reference  to  rotation  may  be 
considered  exactly  in  the  same 
manner  as  the  stability  of  a  pier 
or  wall  (Vol.  II,  §  6),  From  the 
horizontal  force  Pj  applied  at  any 
point  0,  Fig,  13,  in  the  crown  of 
the  arch  and  the  weight  of  the  first 
arch-stone  acting  in  its  centre  of 
gravity  S^,  there  results  the  force  P^  acting  on  the  first  Joint,  and 
the  intersection  0^  of  the  direction  of  this  force  with  the  joints  E^  f  ^ 
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Agiin^  from  the  pressure  P^,  and  the  weight  G^  of  the  second  arch' 
stone,  acting  in  its  centre  of  gravity  S^^  there  restilta  the  pressure  P^ 
in  the  second  joint,  and  the  intersection  0^  of  the  direction  of  this 
force  with  the  second  joint.     Proceeding  in  this  manner^  we  obtain 
the  remaining  normal  pressureas  and  the  intersections  0^,  0^,  &c., 
m  the  other  joints.     But  the  lines  0^  0^,  Oj^  O^ ,  *  .  ,  which  unit«j 
the  mtersections  or  points  of  application  of  the  pressures  P^,  P^\ 
P,  *  -  *  5  is  the  iin€  of  reMtstance  (Fn  liffne  de  Pres^ion^  Ger.  Wider^  I 
iiand$linie)j  (Vol.  IL  §  6).    So  long  as  at  least  one  line  of  remtancAJ 
can  be  found  in  the  face  of  an  arch,  prhich  neither  passes  beyond 
the  intrados  nor  the  extrados  at  any  point,  bo  long  dislocation  of  the 
arch  by  rotation  canaot  occur.     If,  on  the  other  hand,  the  line  of 
re^iitanee  intersects  the  intrados,  the  arch  will  fall  inwards^  an*!  if 
it  goes  beyond  the  extrados,  the  arch  will  rise  upwards,  and  so  fall  j 
to  pieces*   Fig.  14  represents  the  former  case,  and  Fig*  15  the  latter. 


Pig.  U, 


Fid.  15. 


Fiif.  16. 


The  dislocation  becomes  inevitable,  however,  from  the  circumBtanee 
that  the  incompreasibility  of  the  atones  opposes  resistance  to  the 
forces  RRj  acting  with  the  leverages  £0,  FO.    The  cohesion  of  the;j 
mortar  alone  resiBts  this  force;  hut  as  a  very  alight  concussion  ii' 
iuflScient  to  destroy  this  oobesion,  its  effects  should  not  be  relied 
upon  as  available. 

It  is  easy  to  perceive  that  arches  are  so  much  the  more  stable  {iu 
reference  to  rotation)  the  greater  the  number  of  lines  of  resistance 
that  can  be  drawn  within  them;  the  less, 
therefore,  the  number  of  lines  of  resistance 
that  intersect  the  intrados  or  extrados*    The 
;irch  of  greatest  stability,  Fig.  16,  is  neces- 
sarily that  in  which  a  line  of  resistance  may 
he  drawn,  which  passes  through  the  centr®] 
of  all  the  arch-stone%  or  bisects  their  deptL] 
For  the  usual  construction  of  arclies,  that  1 
is,  for  circular  arches,  a  rotation  or  rising] 
upwards,  that  is,  an  intersection  of  all  lineal 
uf  resistance  with  the  extrados,  cannot  possibly  occur ;  we  may,  there*  I 
Tore,  limit  ourselves  in  the  investigation  of  stability  to  the  rotation 
from  whicli  the  arch  falls  inwards.     That  we  may  be  certain  that  at 
iteast  one  line  of  resistance  passes  beyond  neither  intrados  nor  ex- 
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tradoB,  we  may  start  to  draw  it  from  the  point  D  in  the  crown,  and 

try  whether  it  intersects  the  intrados, 

§  16,  Equilibrium  in  Meferem^e  to  Rotation. — The  conditions  of 

stability  in  reference  to  rotation  may 
he  considered  in  another  point  of  yieWj 
and  one  more  adapted  for  calcuktian. 
We  may  eliminate  the  forces  Pj,  P^ 
P3 . , .  J  acting  in  the  crown  i>j  Fig*  17, 
which  are  necessary  to  hinder  a  rotation 
of  the  arch- stones  round  the  inner  edges 
fjj,  £j,  £3,  &C.J  and  then  investigate 
which  is  the  greatest  of  these  forces. 
If  we  designate  the  leverages  £,i,, 
JSjLj,  E^Lj^ . .  »  of  the  force  P  referred 
to  the  points  £j,  E^,  E^,  &c,,  as  axis  of 
rotation  hy  a,,  a^^  a^,  &c,,  and  the  lever- 
ages E.H^^  E^H^j  -EjWji  &o*,  of  the 

weights   Gj,  G^+  G,,  Gj  +  G^+  G^,  &c,,  in  reference  to  these 

same  axis  by  Jj,  b^  b^^  &c.,  we  have  for  the  force  P  acting  at  the 


crown : 


p.  _  i» (G.  +  G,),  P,^h  (G,  +  G,+  GJ,  &c. 


But  not  only  the  factors  ft„  ^  and  G,  +  G^  +  . .  -  +  G^  of  the  nume- 
rator increase  from  the  crown  towards  abutments,  but  the  denomi- 
nator  ^  increases  also ;  hence  one  of  the  values  of  Pj,  P^,  P,,  &c., 
is  a  maxmium  ;  and  it  is  necessary  for  equilibrium,  that  the  effective 
force  P„,  acting  in  the  crown,  should  he  equal  to  it.  That  joint 
which  corresponds  to  the  maximum  pressure,  or  the  pressure  on  the 
crown  J  is  termed  the  joittt  of  rupture  (Fr,  joint  de  rupttire^  Ger, 
Bruchfuge)^  because  dislocation  by  rotation  first  begins  round  its 
lower  edge,  if  the  force  Pm  at  the  crown  diminishes.  It  is  deter- 
mined by  the  angle  of  rupture^  which  its  plane  makes  with  the 
horizon  (or  with  the  vertical).  It  is  also  easy  to  perceivcj  that  the 
angle  of  rupture  gives  that  point  in  the  arches,  in  which  the  line 
of  resistance,  starting  in  D  in  the  crown  of  the  arch,  touches  the 
intrados. 

If  we  compare  the  maximum  effort  required  to  liinder  rotation 
inwards  with  the  maximum  effort  required  to  resist  slipping,  we  find 
that  in  most  cases  the  force  required  to  resist  rotation  is  greater 
than  that  to  resist  slipping,  and,  therefore,  the  pressure  in  the  crown 
fi/  an  arch  is  equal  to  the  greatest  of  all  the  forces  Pj,  P^,  P,,  ^fe,, 
which  oppose  the  rotatimi  of  the  parts  of  the  arch  G,,  G\  +  G^, 
Gj  +  G^  +  G3,  tj-e.,  round  the  inner  edffvs.  If^  therefore^  we  have 
once  determined  this  pressure  at  the  crown  of  the  arch,  it  is  easy  to 
find  the  pressure  in  any  other  part  of  the  arch* 

Arches  falling  by  rotation  outwards  are  exceptional  cases.  To 
discriminate  by  calculation  as  to  the  possihility  of  such  an  accident 
occurring,  the  point  of  application  of  the  force  P  is  taken  at  the 
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lower  edge  ^j  Fig.  18,  of  the  joint  of  the  key-stone,  because  the 

leverage,  in  reference  to  rotation  about 

Fj,  F^  F^  4c.,  is  here  the  least.    If  now  ^'^^  is. 

we  again  designate  the  leverages :  F,Lj, 

F^L^  F^Lyf  &c.,  by  a,,  a^  a„  &c.,  and  the 

leverages  f,fl„  FJi^^  ^3^»  &o.,  of  the 

weiehts  Gj,  G,  +  G,,  G,+  G^+  G^,  Ac, 

we  have  the  values  of  P : 

P,-^G,P,.^(G,+  GO, 

P3-^(G,+  G,+  G3), 

and  if  the  least  of  these  values  be  greater 
than  the  pressure  in  the  crown,  or  the 
greatest  of  the  forces  which  prevent  a 

falling  inwards,  the  arch  is  stable ;  unless  this  be  the  case,  disloca- 
tion takes  place. 

Remark,  The  faliinf^  to  pieces  of  an  arch  by  rotation  may  likewise  happen  in  two 
ways:  according  as  the  joint  of  rupture  of  the  maximum  value  is  above  or  lielow  the 
joint  of  rupture  of  Uie  minimum  value.  Fig.  19  represents  the  Arst,  and  Fig.  20  the 
second  case. 


Fig.  19. 


Fig.  20. 


Fig.  21. 


§  17.  Stability  of  Abutments. — If  we  have  satisfied  ourselves  by 
the  calculations  indicated  in.  the  forego- 
ing paragraphs,  that  an  arch  is  stable, 
and  have  also  determined  the  pressure 
in  the  key-stone,  we  have  still  to  inves- 
tigate the  stability  of  the  abutment 
walls;  that  is,  to  determine  the  thick- 
ness of  abutment  wall  necessary  to  re- 
sist a  detrusion  or  an  overturn.  This 
investigation  is  the  more  important,  as 
it  is  not  unfrequently  in  consequence 
of  insufficient  resistance  of  these,  that 
arches,  in  themselves  stable,  fall  in. 

It  is  evident  that  a  retaining  wall 
FB,  Fig.  21,  is  stable  when  the  direc- 
tion of  the  resultant  force  JT,  R^  »  R^ 
of  the  weight  of  the  one  semi-arch  act- 
ing at  its  centre  of  gravity  S,  the  hori- 
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lower  edge  */f,  Fig*  18,  of  the  joint  of  the  key-stonej  because  the 

leverage,  in  reference  to  rotation  about 

F„  F^  Fj,  kc,^  is  here  the  least.    If  now  ^*R-  is. 

we  again  designate  the  leverages:  F^L^^ 

F^L^s  f'i^i*  <^cm  hj  (iir  <^v  ^i^  ^^*t  ^^^  ^'^^    I^^^BSi^B 

levermges  FJl^,  ^Vs^  ^a^j*  ^^v  *^f  ^'^^      [^^^^^■^i^^S 
weights  G,,  G,  +  G,,  G^+G^+  G,,  &e., 
we  have  the  values  of  P: 


and  if  the  least  of  these  values  be  greater 
than  the  pressure  in  the  crown,  or  the 
greatest  of  the  forces  which  prevent  a 

mlUog  inwards^  the  arch  is  stable;  unless  this  be  the  case^  disloca- 
tion takes  place. 

Mtmark.  The  MUtiK  lo  pi€<»»  of  an  nrcb  by  fomtion  trmy  lite  wise  happen  in  two  I 

wnyt:  ]u?i3cinljQg  ns  the  joint  of  rupture  of  tlie  riinxinium  value  is  atove  or  Jielow  the  , 

joint  of  rupture  uf  tlie  nuniniuin  vuUie,     Fig*  19  represi^uts  ibe  firtl^  ami   Fig.  20  the  , 
til!  coae. 


Fig.  19. 


Fjg.  20. 


1 17-  Stahilitg  &f  Abutmenta. — If  we  have  satisfied  ourselves  by 
the  caleulations  indicated  in. the  forego- 
ing paragraphs,  that  an  arch  is  stahSe^  Fig.  3L 
and  have  also  determined  the  pressure 
in  the  key-stone,  we  have  still  to  inves- 
tigate the  stability  of  the  abutment 
walls;  that  is,  to  determine  the  thick- 
Bess  of  abutment  wall  necessary  to  re- 
sist a  detrusion  or  an  overturn.  This 
investigation  is  the  more  important,  as 
it  is  not  iinfrequcntly  in  consequence 
of  insufficient  resistance  of  these,  that 
arches,  in  themselves  stable,  fall  in. 

It  is  evident  that  a  retaining  wall 
FB,  Fig,  21,  is  stable  when  the  direc- 
tion of  the  resultant  force  K^  R^  =  R^ 
of  the  weight  of  the  one  semi-arch  act- 
ing at  its  centre  of  gravity  S,  the  hori- 


32  STABILITY  OF  ABUTMENTS. 

zontal  thrust  P  acting  at  the  crown,  and  X^^  the  weight  of  the  re- 
taining wall,  passing  through  its  centre  of  gravity,  passes  through 
the  base  FO  of  the  retaining  or  abutment  wall,  and  deviates  from 
the  vertical  K^J\r  by  an  angle  less  than  the  angle  of  repose  p. 
For  the  angle  ty  which  the  resultant  R^  of  the  forces  P^  XP.  and 

G  +  G,«  JSCjGj,  makes  with  the  vertical,  we  have  tang,  t  «=  -7= — 7^; 

G+  Gj 

but  tang,  p  ■■  the  co-efficient  of  friction  /,  and  hence  to  insure  sta- 

p 
bility  in  reference  to  sliding,  we  should  have  — — —  <  /. 

G+  G^ 

In  order,  further,  that  the  resultant  may  pass  through  the  outer 
edge  Fot  the  abutment,  let  us  put  the  moment  of  P,  referred  to  this 
edge,  equal  to  the  sum  of  the  moments  of  the  weights  G  and  G^. 
If  a  be  the  rise  of  the  arch  BL,  and  A  the  height  of  the  abutment, 
then  the  moment  of  the  force  P  referred  to  the  edge  F  as  an  axis 
=*  P  (a  4-  A);  if,  acain,  b  be  the  horizontal  distance  BHot  the  ver- 
tical passing  through  the  centre  of  gravity  of  the  semi-arch  j9C  from 
the  inner  edge  B  of  the  springing  point,  c  the  thickness  of  the  abut- 
ment wall,  and  e  the  distance  FJV  of  the  vertical  gravity-line  of 
the  abutment  wall  from  the  edge  F,  we  have  the  moment  of  the 
weights  G  and  Gj  =*  G  {b  +  c)  +  G^e,  and  thus  we  get  the  equa- 
tion: P  (a  +  A)  =  G  (6  +  c)  +  G^e. 

In  order  to  insure  permanence,  experience  dictates,  according  to 
Audoy*s  deductions,  the  employment  of  1,9  P  instead  of  P,  so  that 
the  equation  for  determining  the  thickness  of  the  abutment  becomes: 
1,9  P  (a  -f-  A)  »  G  (5  +  <?}  +  G^e.  If  A^  be  the  mean  height  of  the 
abutment  or  pier,  and  7  the  density  of  its  masonry,  we  have  for  each 
foot  in  length  of  the  pier  the  weight  G^^h^e 7,  and  if  we  put  e » j^  c, 
the  moment  G^  »  |  A^  c* 7,  and  hence: 

J^,  <?*7+  G^^  =  l,9P(a  +  A)  — GJ,  or, 
2a  c   _l,9P{a  +  h)—ab 
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18,  Loaded  Arehe%. — We  have  hitherto  neglected  to  couBider 
tiie  influence  of  the  backing  on  the  arch ;  which,  however,  it  is  essen- 
tial to  examine.  That  the  stability  of  an  arch,  such  as  a  bridge, 
may  not  be  altered  hj  the  passage  of  heavy  weights  upon  it,  it  is 
necessary  that  the  arch  should  in  itself  possess  such  weightj  or  he 
permanently  loaded  with  hacking,  that  any  weight  arii^ing  from  traflBc, 
fuoh  as  heavy  wagons,  locomotives  and  the  like,  can  only  occasion  a 
slight  change  in  the  entire  load,  or  forces  in  action. 

The  backing  consists  usually  of  a  system  of  walling  {gpandril 
walh\  supporting  the  road-way,  and  carried  up  either  to  form  a 
horizontal  line  EF^  Fig.  22,  or  an  inclined  line,  Fig,  23.     In  very 


Tig.  22, 


Fi&aa 


many  cases,  the  spandril  walls  or  backing  of  arches  consist  of  the 
same  materials  as  the  arches;  and  if  it  be  nniformly  built,  we  may 
assume  a  common  density  for  the  whole,  and  thtis  considerably  ab- 
breviate calculation.  If,  according  to  Vol.  L  §  58,  we  take  the  spe- 
cific gravity  of  masonry  at  from  1,6  to  2,4,  we  have  for  the  density 
of  the  masonry  100  to  150  lbs*  per  cubic  foot,  the  former  answering 
to  brick'Work,  the  latter  to  ash hiring.  The  loading  of  arches  gene- 
rally increases  their  thrust,  and  also  their  stability.  That  the  vous- 
soirs  may  resist  crushing,  they  must  have  a  certain  depth  propor- 
tioned  to  the  pressure  of  the  arch;  and  as  this  increases  from  the 
crown  towards  the  springing,  the  depth  of  the  voussoirs  should  like- 
wise increase  from  the  crown  to  the  springing,  Perronet  has  given  aa 
a  rule  for  the  depth  at  the  crown,  the  formula:  rfs^  0,0694rHh  0,325 
metres,  or,  in  English  meaaare  d  =  0,0694r  -I- 1  foot,  in  which  for- 
mula r  is  the  greatest  radius  of  curvature  of  the  intrados. 

For  arches  whose  radius  is  above  48  feet,  or  15  metres,  this  for- 
mula gives  greater  dimensions  than  is  given  in  ordinary  practice. 
The  depth  of  voussoirs  must  he  regulated  by  the  strength  of  the 
materials,  and  the  position  of  the  line  of  resistance  in  the  arch.  The 
joints  being  kept  very  thin,  so  that  the  mortar  serves  rather  to  dis- 
tribute the  pressure  uniformly  over  the  bed  of  the  stone,  it  will  be 
found  that  a  thickness  which  reduces  the  strain  to  225  lbs.  per 
square  inch  of  surface,  allows  of  ample  security  for  the  average  of 
materials.  One-half  this  ttuckneas  mustj  however,  exist  on  each  side 
of  the  line  of  resistance* 
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Btmark  I.  225  Ibi,  per  square  iJich  b  only  ^  of  the  afaaoluta  itmDfftb  of  saund  saDdf] 
stone  arid  limestone.     In  the  celebrated   bridi^e  at  ^feuilly,  near  Paris,  built  in  HOS 
I780j  by  PerTonet,  tlie  eeti mated  press uro  per  square  inch  is  280  lbs, 

^tmark  2*  When,  s*  in  Ihe  sequel  we  always  do,  we  take  the  iJinsat  or  presfure 
the  top  of  the  crown  of  tJie  arch,  an  J  in  like  manner^  only  consider  a  rotelioo  round  th 
lowest  point  of  the  angle  of  rupture,  it  !«  the  more  necessary  to  assume  thi*  high  de; 
of  iaeurity,  and  to  give  the  areh  eorrcB ponding  depth  of  vouMOirs,  na  in  tlieae  a««uiT?p 
tiona  we  only  get  the  leaat  value  of  ilje  pressure.  Be*ide*t  it  JS  chiefly  the  tipper  ( 
of  the  voussoifft  at  the  crown  of  the  arch^  and  the  lower  edgei  of  tho^e  al  the  joints  i 
roptttre  that  have  io  wjUistand  the  pre*?ure,  and,  therefore,  eoonest  give  way  j  tb^ 
deptli  we  have  indicated  on  each  tide  tJie  lir>e  of  presMire  is^  thereforei  necessKry  t<»| 
Iftsure  stabiUty. 

§  19,  Te^  of  the  Eqtdlibration  of  Arches. — The  inveatigation  of 
tlie  stability  of  an  arch  may  be  gone  througb  as  follows:  let  *^BCD^ 
Fig»  24 J  be  the  one-half  of  the  arch  to  be  examined,  and  CDHK  thei^ 


gpandril  wall,  which  for  simplicity's  sake  we  shall  assume  to  be  of 
the  same  density  as  the  arch.  First,  divide  the  arch  in  any  conve-__ 
nient  number,  in  this  case  six,  ecjual  or  unequal  parts,  by  lines  £|J^i^fl 
E^Fy,  E^F^^  &c*,  in  the  direction  of  the  joints,  and  determine,  not 
only  the  area  and  the  centres  of  gravity  Tj,  T^,  7*^ , , ,  of  these  parts, 
but  also  the  areas  and  centres  of  gravity  5^,  S^,  \^  -  ^  of  the  super- 
incumhent  parts  F^H^  ^a^i»  f^J^^.^^This  done,  take  the  statical 
moment  of  the  first  part  ^^F^  and  F^H  referred  to  the  first  point  of 
division  £,,  and  divide  their  sum  by  the  vertical  distance  of  thia^ 
point  of  division  from  the  horizontal  DJf  drawn  through  the  crowiufl 
In  like  manner  take  the  moments  of  vfF„  ^j^a^  ^i^  ^^^  E^L^^ 
referred  to  the  second  point  of  division  E^^  and  tlividc  the  sum  of 
these  moments  by  the  vertical  distance  of  this  second  point  from  the 
horizontal  DJ^,  Again,  determine  the  moments  of  the  parts  of  the 
arch  *4/\,  E^F^  E^F^,  and  the  parts  of  the  spandril  F^H^  F^L^^  F^L^ 
referred  to  the  edge  iJ,,  and  divide  that  sum  by  the  vertical  distance 
of  the  point  E^^  from  the  horizontal  DJV,  kc.  By  going  through 
this  process  for  all  the  parts,  from  A  to  B^  we  arrive  at  the  forces 
that  must  be  applied  at  D  to  prevent  rotation  round  the  points 
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E„  £,,  E^  kcj  and  the  greatest  of  these  forces  is  that  which  has  to 
be  taken  as  acting  at  the  crown. 

Having  done  this,  multiply  the  sum  of  the  areas  J1F.  +  FJI  by 
the  tang,  (a,  —  p),  and  again  AF^  +  E^F^  +  F^H  +  fJ^^  by  tang. 
(Oji  —  p),  &c.,  (where  a,,  a, . . .  are  the  several  angles  of  inclination  of 
the  joints  with  the  horizon),  and  find  the  greatest  value  of  these 
products.  If  the  greatest  of  these  values  be  lea  than  that  neces- 
sary to  prevent  rotation  round  JS^,  £„  £3 . . . ,  there  need  be  no 
further  consideration  of  these  forces ;  but  if  it  be  greater^  then  must 
this  value  be  introduced  as  the  pressure  in  the  crown,  and  not  that 
first  found. 

Lastly,  it  has  to  be  determined  whether  the  horizontal  force  so 
found  is  not  sufficient  to  dislocate  the  arch  by  pushing  or  turning 
out  a  part  of  it. 

With  the  horizontal  thrust,  determined  as  above,  we  can  examine, 
as  shown  in  §  16,  the  conditions  of  stability  of  the  abutment. 

Example.  The  relatiTe  stability  of  the  aroh  in  ¥lg.  24,  may  be  oalcnlaiad  at  follows : 
area  of  the  part  JiF^  ^  6,89  square  feet ;  area  of  the  piece  /*,£?  above  dwm  8,48  square 
feet,  the  lever  of  the  former  referred  to  £,  ^  2,50,  and  of  the  latter  an  2,45;  i  e.,  the 
momeDt  of  both  «  6,89  .  2,5  -f-  8,48  .  2,45  a  38,001 .  The  distance  of  JE;  ftom  D/V, 
or  leverage  of  horizontal  ibrce  in  D  ^  1,50 ;  and,  therefore,  the  first  valna  of  this  ibioe 

K — IZ  ■■  25,33  .  y  lbs.    Area  of  second  part  E^F^  ss  7,15,  and  the  part  of  spandril 

l,t>U 
above  it  F^L,  ■■  1 1,02  square  feet;  the  moment  of  both  referred  to  ^ae  17^  -{-  23,69 
aB41,21,adding  to  this  the  moment  of  j2A  «  38+  15,37  . 5,10  ae 38  -f  78,39b  116,39, 
and  hence  the  moment  of  the  whole  piece  AL^  ^  157,60 ;  the  distance  of  E^  from  DN 

s  2,35,  and  hence  the  second  value  of  the  horizontal  force  in  D  ss 1 — 1^  ^  67,05  . 

2,35 
y  lbs.    Again,  the  area  of  the  third  piece  E<^F^  ^  7,68,  and  of  tlie  part  of  spandril  above 
it  /V^^  16,51  square  feet;  the  moment  of  both  bs 46,61,  adding  to  this   tlie  moment 
of  the  piece  £;tfs3s  157,60  +  166.02s  323,62;  we  find  the  moment  of  the  whole 
s  370423 ;  and  as  the  distance  of  the  point  £,  from  /TJVsb  3,90,  the  value  of  the  force  in 

37023    V 
D  IB ! — '-Z  ^  94,93  .  y  lbs.    Proceeding  in  this  manner,  a  value  of  the  force  that 

has  to  counteract  the  tendency  to  rotation  round  E^  sb ! 1^  ss  1 18,97  .  ^  lbs.;  and 

',9 

a  fifth  force  in  reference  to  rotation  round  £.  s=  1— ! — 1^  s=  137,68  .  v  lbs.:  and, 

*  8,45  .  A         ,         I 

lastly,  in  reference  to  rotation  round  J9,  a  force  ss ! — '-^  ^  157,74 .  y  lbs.   As  this 

11,6 
is  the  greatest  value  found,  we  put  the  pressure  or  thrust  at  the  crown,  P  s=  151,74  .  ^, 
or,  taking  the  weight  of  masonry  as  150  lbs.  per  cubic  foot,  P^  22761  lbs.    The  depth 
of  arch  at  crown  is  1,3  feet ;  and,  therefore,  the  area  for  each  foot  of  length  of  the  arch 
=s  144  .  1,3 a=  187,2   square   inches;  and   hence  the  pressure  on  each  square   inch 

CB  122  lbs.,  supposing  the  line  of  resistance  to  bisect  the  voussoirs. 

187,2  ^     i-i-       6 

If,  with  M.  Petit,  we  take  the  angle  of  repose  ^  30®,  we  obtain  for  the  force  to  pre- 
vent dislocation  of  the  arch  by  sliding,  the  following  values.  The  joints  £,Ft,  EJ^^ 
£,Fj...are  inclined  to  the  horizon  at  the  angles  83°  40',77o  20^,  71°,  64°  40^,  58°  20^, 
62°,  respectively,  therefore, 

P,  =  (6,89  +  8,48)  tang.  (83°  40'  —  30°)  .  y  =  15,37  .  tang.  53°  40^.^  =  20,9  .  y  lbs. ; 
P,=  (15,37  +  18,17)  tang.  (77°  20^  —  30°)  .>.=  33,54  .  tang.  47°  20^  .y  =  36,4  .y  lbs.; 


P,  s=  57,73  .  tang.  41°  .  y  =  50,1  .  y  lbs. 
P^  =  90,56  tang.  34°  40'  .  y  =  62,6  .  y  lbs. 
Pjsr  134,13  tang.  28°  20'  .  y  =  72,3  .  y  lbs. 
P,  Bs  188,53  tang.  22°  .  >^  =  76,2  .  y  lbs. 
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howevpTrlfai*  ipiB»Mii|  iirw  tenJi-^iiy  tt>'  "iilm.ii^  ^qualion  round  an  in  tier  joint,  amounll' 


s273l  .j^  lbs.  J  lbs  mooieni  qfttie  looiJefl] 


to  I5IJ  .y.  it  b  evidfijt  ilioi  a  sliiling  cnnrwir  taVe  place.  And  in  Uk^  ntfmner  it  it 
etiftf  to  ciiijvifice  otif^clvf^s  Llmt  neidipf  r^jHition  nor  »Udin|^  omwurdg  it  |>ossibJe.  As  K>, 
tU«  «l»l/iti*y  i>r  (lit*  abutmeni  OCK^  ibe  moment  of  the  force  F  reffrred  to  O  «»  mn  axil 
orKilalU>iislSl,T4  ,  y,  OFbi  I5JJ4  .  18  .  v 

1760.3  .  J.+  188,53  .  00\  y  =  (l750,S+  18K,53  . «,«)  x  =  30^2  .  j.  ihe^ 
mm!  Ihnt  of  tbe  pic-r  ^  343  ,  y  |b«,^  bence  the  moment  re*bi»ng  mtJiiion  roiin4 
OKi(3042-f-  343)  .  y=E  3:i65  .  y  lbs.,  and,  iiiere(bre»  hethng  cannoi  pn^aibly  tnke!  plairiu 
If,  however*  more  ample  security  lie  dc^ireil.  we  must  ftubsUiute  fi^r  P^  1»9  P,  a»  &bov« 
ei [plained,  and,  therefure,  take  ihe  moment  of  the  force  (o  pro*!uc«  healing  ^  51 8I>  .  %, 
and  thiju  we  see  tJiat  our  ubiitmAttt  w  ould  be  too  thin ;  instead  of  M5  ftwt  i.hjdtnea«|' 
it  would  te<\mre  from  1 1  lo  J  2  feet  For  a  thick  nets  of  U  fi-et,  tbe  moment  f*f  sl^' 
biiHy^  nCHJ,2  .  j,+  lS8,a3  .  11  ^+  12WK  |.  =  rjU5  .  y,  whieb  would  prove  a  ntglaent 
ttftbiliiy. 

§  20,    Tahlmfor  Arches, — In  order  to  facilitate  investigations  oa  ^M 

the  Btability  of  arches  of  the  more  usual  formSj  H 

^'-  -^^  M.  Petit  caloulated  a  series  of  tahles  of  which       . 

we  shall  here  give  a  ihort  abitract*     The  first       ? 

of  these  tables  refers  to  seml-circular  vaults,  m 

in  Fig.  25,  the  second  refers  to  scmi-circular 

arches  with  spandnl  w^alls  at  an  angle  of  45°  as 

ghown  by  the  dotted  line  in  Fig.  23*     The  third 

table  refers  to  semi-circukr  arches  with  hori- 

zontal  spandrils,  as  shown  by  the  dotted  line  in 

Fig,  22,  and  the  fourth  table  refers  to  segmental 

arched  vaults. 

Id  the  first  three  tables,  the  two  first  vertical  columns  contain 

the  proportions  of  the  arches;  the  third  column  contains  the  angle 

of  rupture ;  the  fourth  and  fifth  co-efficients  of  horiz07ital  thrust^  in 

terms  of  the  radius  or  half  span,  and  the  weight  of  the  material* 

(see  example  1  following);  and  in  the  sixth,  the  co-efficient  of  the 

maximum  thickness  of  abutment  in  terms  of  the  half  span. 

To  apply  these  tables,  we  have  to  look  in  column  1  for  the  ratio 

A  «  !l  of  the  radius  of  the  extrados  to  that  of  the  intrados,  and 

pass  along  horizontally  to  the  fourth  and  fifth  columns,  and  the 
greater  of  the  numbers  found  in  these  two  columns  is  to  be  taken  as 
a  co-efficient  by  which  to  multiply  the  square  of  r,,  the  radius  of 
intrados^  and  the  weight  per  cubic  foot  y  of  the  masonry,  the  pro- 
duct of  which  gives  the  horizontal  thrust  in  question.  The  sixth 
eolunin  gives  the  thickness  of  abutment,  supposing  the  height  infi- 
nite, by  multiplying  the  co-efficients  there  found  by  the  radius  r^. 
For  low  abutmentSj  the  thickness  is  less,  and  should  be  calculated 
according  to  §  17. 

The  fourth  table  contains  in  its  first  column  the  ratio  t  =  "^, 

and  in  the  other  columns  the  thrust  of  the  arch  for  various  propor- 
tions of  the  span  i  to  the  versed  sine  or  height  L  This  latter  table 
is  only  applicable  when  the  angle  of  rupture,  given  in  the  first  table^  i§ 
Ubb  than  the  half  of  the  central  angle  a,  and  of  the  arc  of  the  vault. 
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TABLE  L 
SEMICIRCULAR  ARCH  WITH  PARALLRL  VAULTED  SURFACES. 


Ratio  of  the 

Ratio  of  radius 

Coefficient  p  of  the 

OMfllcient    for 

ladiL 

of  intradot  lo 

Angle  of 

thnut  of  arob ; 

greatett  thick- 

»»'» 

depth  of  Youi 
toir. 

lupuire. 

. 

ncM  oC  abut 

""••t" 

te  roMtioo. 

for  iliding. 

inenta. 

2,782 

1,154 

0°  00' 

0,00000 

0,98928 

2,70 

1,176 

18 

42 

0,00211 

0,9626% 

2,50 

1,888 

85 

52 

0,02283 

0,80846 

2,20 

1,666 

51 

4 

0,08648 

0,58767 

2,00 

2,000 

57 

17 

0,18017 

0,46912 

1,8228 

1,80 

2,500 

61 

24 

0,16373 

0,84281 

1,1414 

1,60 

8,888 

68 

49 

0,17617 

0,28874 

0,9526 

1,55 

8,686 

64 

8 

0,17478 

0,21464 

0,9031 

1,50 

4,000 

64 

9 

0,17254 

0,19180 

0,8527 

1,45 

4,444 

64 

6 

0,16798 

0,16872 

0,8007 

1,40 

5,000 

68 

48 

0,16167 

0,14691 

0,7888 

1,85 

6,714 

68 

19 

0,15287 

0,12587 

0,7622 

1,80 

6,666 

62 

14 

0,14880 

0,10559 

0,7870 

1,25 

8,000 

61 

16 

0,12847 

0,08608 

0,6987 

1,20 

10,000 

59 

41 

0,11140 

0,06788 

0,6504 

1,15       , 

18,888 

67 

1 

0,09176 

0,04985 

0,6905 

1,10 

20,000 

53 

15 

0,06754 

0,03218 

0,6066 

1,05 

40,000 

46 

22 

0,03813 

0,01668 

1,02 

100,000 

38 

12 

0,01691 

0,00618 

1,00       , 

00 

0 

00 

0,00000 

0,00000 

TABLE  XL 
SEMICIRCULAR  ARCHES,  lu[ASONRT  AT  THE  BACK,  OF  45^  INCUNATION. 


Ratio  of  the 

Ratio  of  ndiai 

Co-efficient  f  of  the 

Co«fficiant    for 

ladii. 

of  intnuJos  to 

Angle  of 

til  nut  of  arch ; 

greatest  thick- 

k     ** 

depth  of  Tous- 
•oir. 

rupture. 

ness  of  abnl- 

""»-. 

for  lotation.j  forilicliog. 

menta. 

2,00 

2,000 

60"' 

0,26424  i  0,74861 

1,7264 

1,80 

2,500 

60 

0,29907  1  0,57388 

1,5147 

1,60 

3,383 

60 

0,31245    0,42191 

1,2990 

1,55 

3,686 

61 

0,31222    0,38673 

1,2437 

1,50 

4,000 

61 

0,30996  I  0,35266 

1,1877 

1,45 

4,444 

60 

0,30587  ;  0,81971 

1,1308 

1,40 

5,000 

59 

0,30001  1  0,28787 

1,0954 

1,35 

5,714 

58 

0,29285 

1,0823 

1,30 

6,666 

57 

0,28231    0,22756. 

1,0626 

1,25 

8,000 

54 

0,27102                  i 

1,0412 

1,20 

10,000 

50 

0,25806  .  0,17171  ' 

1,0160 

1,15 

13,333 

47 

0,24477 

0,9894 

1,10 

20,000 

42 

0,23292  ,  0,12032  , 

0,9652 

1,05 

40,000 

36 

0,22902  .               1 

0,9571 
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TABLE  nr. 

8BMICIRCULAR  ARCHBSy  WITH  HORIZONTAL  MASONRY  ABOYB. 


Ratio  of  the 

Ratio  or  radial 

Co-efficient    for 

radii 

of  intmdor  to 

Angle  of 

thrust  of  arch ; 

greatest  thick- 

h      ^t 

depth  of  TOoi- 

niptnre. 

ness  of  abut- 

'■i 

aoir. 

for  rotation. 

for  sliding. 

ments. 

2,00 

.     2,000 

86° 

0,05486 

0,60358 

1,8884 

1,80 

2,600 

44 

0,08608 

0,87901 

1,2001 

1,60 

8,883 

62 

0,12800 

0,26755 

1,0082 

1,65 

8,686 

64 

0,18027 

0,24178 

0,9584 

1,60 

4,000 

56 

0,13648 

0,21673 

0,9075 

1,46 

4,444 

67 

0,14122 

0,19256 

0,8554 

1,40 

5,000 

59 

0,14421 

0,16920 

0,8018 

1,86 

6,714 

60 

0,14604 

0,14666 

0,7466 

1,80 

6,666 

61 

0,14882 

0,12495 

0,7879 

1,25 

8,000 

62 

0,18872 

0,10405 

0,7260 

1,20 

10,000 

68 

0,18078 

0,08897 

0,7048 

1,16 

18,888 

64 

0,11895 

0,06471 

0,6723 

1,10 

20,000 

65 

0,10279 

0,04627 

0,6249 

1,05 

40,000 

69 

0,081755 

0,02865 

0,5678 

1,00 

00 

76 

0,055472 

0,01185 

TABLE  IV. 
VAULTED  ARCHBS,  WITH  PARALLBL  ARCHED  SURFACES. 


Co-efficient  p  of  the  thrust  of  the  arch. 
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The  following  table  eontains  m  sjnopsis  of  the  reladre  dimensions 
of  iegmentml  arches. 


1 

Batiooriheipui 
ID  beight 

« 

r 

BBlfcemnl 

! 

-^- 

BttioornifiDtor 
iiitmdosr,iQ 

4 
5 
6 
7 
8 
10 
16 


58°  7'  SO"  ! 

43  36  10 

86  52  10 

81  58  26  ! 

28  4  20  < 

22  87  10  ' 

14  15  0  ' 


0,8000 
0.6897 
0;6000 
0,5288 
0,4706 
0,8846 
0,2462 


2,500 
3,625 
5,000 
6,625 
8,500 
18,000 
82,500 


smriv  wcs  wiih  honxoDtBl  mo'WWLy  over  it,  Mving 
WImk  iboald  be  ifae  dioMDBOOs!    What  will  be  ik 


Aeeonting  ID  Pervooei's  fctmulm,  dm^O/Jei^ 


heu    We  bftve 


r,«11.7  aodi«sl2 


of 
? 
10+  1  «I,6M  fee^  for  wbkh  nJce  1,7 

1,17.    Frmh  Table  3,  ibe  angle  of  rap* 


mie  n  «S{*  fbeeo«fBeiaitorboriaooiBl tbnMiMQ,lt904.  f  .  0u0118m0,1237  (OpilS 
beMg  ibe  itiffpwnrfi  between  .llSl,aiKi  ibe  nombcr  neit  above  it).  TaUiiK  130  ibe.  per 
eubie  foot  as  weigbtor  masoory,  ibe  tbraei  at  evown  ^0,1237  .  IdO  .  K/mbISMUml 
For  Ibe  extieme  tbiekoeei  of  abutment,  we  have  from  ibe  aune  laUe  ibe  co-efficient 
U^723+f  .0,0339 ^O.^B.^S.  and  ibcRfoce,  die  ibkbneei « 0,6893  .  10 « 6,85  feet. 
For  low  abmnieni^  tba  formnia  of  5  17  giv< 


feet  ruef 


and  foteea  eorreapond  id  a  vanH  of  10  leet  qan,  and  3 
Heiewebave-i«f  dieiefore,die  balf  eennal  ai«ie  «  «  43«  36"  10^.  and 

ai.«iB0.6897,andtbefaduMr8  3,639.2iB7,39feet.  Table  4  gives  tbe  ShcfficieQC 
of  bonBOOMl  thioflt,  (as  «ss  5  A,  and  aoooiding  id  Periooet s  fonnala:  d^  1,9,  to  tbat 
kwM  1,2)80,10196,  and  benoe  ibe  tbnnt as 0,102  .  190  .  7,39*8804  Ifaa. 

^iwail  1.  Tbat  ibe  part  of  tbe  abnimeot  on  wbicb  die  arch  rests  maj  not  be  thrust 
away, it  is  neoeasarj that  ibe  boriaomal  tfarnst  Px^f^y  should  be  Jbm  than  }/«  {r^—r*) 
y  the  friction  on  ibe  bed.  If  ibis  be  not  tbe  case,  as,  for  eKample,  in  very  fiat  arches, 
this  sliding  out  of  the  upper  part  of  tbe  abutment  most  be  prevented  bj  artifices,  such  as 
iron  tie  rods.  Tbe  coefficient  of  friction  /as  0,76,  therefore,  i/^  0.38,  and,  therefore^ 
tbe  strength  of  ibe  ties  must  be  socb  as  to  resist  a  force  v^p  —  0,38  «  (A< — 1)  r,*  y. 
This  ii  the  sate  of  tbe  ease  wbensiB4  4  and  ic  is  leas  than  l/)6;  wbens^9AiD  10 
A,  and  Ir  less  than  1,19,  and  when  sss  16  A,  this  sliding  is  sure  to  take  place. 


r  2.  The  literature  on  the  sabjcct  of  arches  is  very  ezteosive;  but  the  theories 
treated  therein  are  not  always  admissible,  beoaose  the  as§umptions  are  incoosistent  with 
eiperienoe.  We  shall  here  only  mention  the  authors  whose  theories  and  inTesiigations 
are  generally  accepted  as  the  best  approximations.  We  refer,  therefore,  to  Coulomb, 
**  Tbiorie  des  machines  amples,**  who  first  gave  a  ntiooal  tlieory  of  the  arch,  and  such 
as  is  in  wbstance  pveo  in  the  foregoing  paxagraphs.  This  ibeoiy  is  given  wiib  greater 
rompleteoess  by  Narier.  '-R^fruxne  des  Lemons  sur  rappiioatioo  de  la  Sttcaniqiia,*'  L  i. 
There  are  papers  by  Audoy.  GarideL  P6ncHet  and  Petit,  in  the  ''Memorial  de  Tofficier 
du  ^Me."  The  substance  of  the  papers  of  Garidel  aiid  Petit,  and  their  tables,  are  given 
by  31r.  Uann  in  bis  Treatise  on  Bridges,  published  by  Weale,  1839.  Moseley's  paper 
on  the  -*  Theory  of  the  Arch,"  is,  perhaps,  the  most  eles»ant  exposition  of  this  interestin}; 
and  important  subject.  Tbe  works  of  Robison.  Wbewell,  Eytelwein,  Gerstner,  and 
rithers.  contain  particular  expositions  of  Coulomb's  theory.  Hagen  has  poblislied  an 
interesting  etuay,  entitled  ^  Uber  Form  und  biAike  gewulbter  Bogen,"  Berlin,  1844. 
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WOODEK  STRUCT tmES. 


CHAPTER   III, 


THEORY  01  FEAMINGS  01  WOOD  AHB  mOITt 


§  21.  W&oden  Stm^tures. — Structures  of  wood  and  of  iron  differ 
eseentially  from  those  in  Btone^  in  that  theee  materials  are  enbjecteil 
to  what  have  been  termed  tensile  and  transverse,  as  well  as  cotn- 
pressive  strains,  to  which  latter  alone  masonry  is  exposed.  Hence, 
in  carpentry  and  iron-work,  the  puce»  of  which  the  framings  are 
composed  are  not  only  laid  one  upon  the  other,  hut  are  morticed^ 
tenanedf  fi»hcd^  belted^  ntrapped^  &c*,  to  unite  them  together.  The 
principal  axia  of  tlie  pieces  of  any  framing  may  be  horizontal^  in- 
dinedj  or  verticaL  In  the  first  casej  they  are  termed  heamn  or  Joists* 
in  the  second,  rafterSj  braces^  or  spean^  &c.;  in  the  other,  posts^ 
pillars i  upriffkiSy  &lc.  According  to  the  function  they  fulfil,  iome 
pieces  are  termed  stmts  or  spmrs  (viz:  tho^e  resisting  compression), 
and  others,  ties  or  braces  {i.  e.  those  resisting  tension). 

To  investigate  the  siaMUty  or  equiUhrium  of  a  framing,  it  is  essen- 
tial, in  the  first  place,  to  know  tbe  forces  and  weights  which  the 
framing  has  to  counteract.  From  these  we  determine,  not  only  the 
forces  which  individual  pieces  have  to  withstand,  but  the  forces  act- 
ing at  the  points  of  connection,  and  the  strains  or  pressures  upon 
the  paints  of  support.  Each  part  should  have  such  form,  position 
and  dimensions,  as  to  completely  withstand  every  force  acting  on  it. 
As  to  the  connection  of  the  pieces  of  a  framing  with  each  other, 
we  have  principally  to  distinguish  bolu  and  phis^  tenons  and  nior^ 
ticeSy  scarfs  and  shoulders.  Bolts  and  pins  counteract,  or  take  up 
all  forces  passing  through  their  axes.  Tenons  and  mortices  counter- 
act only  forces  acting  in  certain  directions,  and  shoulders  or  scarfs 
counteract  such  forces  as  are  directed  at  right  angles  to  the  plane 
of  the  shoulder. 

§  21*.  A  beam  ^B^  Fig*  26,  lying  on  inclined  planes,  is  in  an 
instable  condition,  unless  friction  or  some 
artificial  fastening,  as  bolts  or  mortices  re- 
tain it.  To  establish  equilibrium,  it  is  a 
necessary  condition  that  the  vertical  SG 
passing  through  the  centre  of  gravity  of 
the  beam,  should  pasB  through  the  point 
C,  in  which  the  normals  to  the  ends  A 
and  B  of  the  planes  intersect  each  other, 
for  only  then  are  the  two  components  JV" 
and  P,  into  which  the  weight  G  of  the 
beam  may  be  decomposed,  taken  up  or 


I 


Fjjc.  Sfi. 


» tr 


->  t 


W00O£K  6TR0CTCBES. 


a 


counteracted  bj  the  planes.     If  a  and  j3  be  the  angle  ^^OK  and 
BOL  of  the  planes  to  the  horizon,  these  forces  are: 
G$in.  ^      JO         G  sin* 


jr. 


and  P 


{mn.  a  +  ^)'    "  un.  (a  +  ^) 

If,  again,  I  be  the  Jength  JIB  of  the  beam,  «  the  dietanee  AS  of 
its  centre  of  gravity  S  from  the  end  ^?,  and  3  the  angle  of  inclina- 
tion BAM  of  the  beam  to  the  horizon^  then  the  horizontal  projection 
of  AS  —  a  is  AM  =  %  COS.  *,  or  =  AC  sin.  &,  but  as 

AC^  ^^  ^^^'  ^^^  ^  ^^tw-C^O"^  — 4  +  ^)  ^  fgQg-  (3  —  ^) 
"      #m.  J!f  C5      "^         sin.  (o  +  ^)         "    sin.  (»  +  ^)  ' 

we  ba%^e  ^i^lf  =     ^"' °  *^'  ^^       %  and,  therefore,  we  have  the 

fin,  (a  +  ^) 

equation  of  oondition: 

f  stn>  (a  +  ^)  eos.  S  ^  I  sin.  a  e€>#.  (4  —  «), 
If  one  of  th«  planea  be  horizontal  as  *^0  in  Fig.  27,  then  as  «  =  0, 
we  have  #  sin.  fi  em.  *  =  0,  i.  e,  4  =  0,  or  the  other  plane  mnat  like- 
wise be  homontaL     In  order  to  prevent  slipping  of  the  beam  in 
every  other  position,  we  mustj  Fig.  28^  mortice  one  end  of  the  beam 


Fig.  27. 


Fip.  28. 

H 

as  A,  or  fasten  it  in  some  way.  The  pressure  which  the  end  of 
the  beam  there  exerts  on  the  inclined  plane  0^  may  be  deduced 
from  the  theory  of  the  bent  kn  er  MAC^  whose  arm  AM  =  AS  cos. 
S^iM  «  s  cm.\  and  AC  ^  AS  cos.  BAC  —  I  cos,  {0  —  a),  and 
henee  P  the  preamire  required 
G  i  cos,  * 


/  cas^ 


?i^Mt*y 


s.  (^  —  5) 
Am  the  pressure  on  the  point  of  support  A  is  equal  to  the 
of  ill  the  forcefi  acting  on  AB,  we  may  assume  that  the  vertical 
pressure  G,  «5  6\  and  its  counter  pressure  P^  =  P,  acts  at  this 
point.  If,  therefore,  we  decompose  this  latter  into  the  horizontal 
force  Hj  =  P,  sin,  4^  and  the  vertical  force  l\  =  P^  cos.  ^j,  we  ob- 
tain for  the  total  pressure  in  A  the  horizontal  component  or  thrust 

t  am.  ^  €QS.    ^  ^^j  ^j^^  vertical  component^  or  vertical  pres- 
I  COS.  (fi  —  aj 


H. 


sure: 


4^ 
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from  which  we  can  easily  calculate  the  magnitude  and  direction  of 
the  total  pressure  or  strain,      xt-^v*  .^  w*^ 

For  the  case  of  a  beam  leaning  #«  &  wall,  Fig.  29,  ^  =»  90^, 
hence : 

JT«  9J^^  ^  G^cot^.  «  =  P,  and  F«  C  * 
t  iin,  &  I 

the  weight  of  the  team. 


Fir  29. 


Fiif.  SO. 


For  the  ease  of  [^  beam  leaninfl^  on  a  wall  inclined  at  the  same 
angles  as  the  beam,  as  in  Fig.  30  at  £,  ^  ^  a,  hence; 


G  -  C0M,  4j 


M^  G  J  sin.  a  cog.  a,  and  V=  G  A  _  -  eo6.  aA. 

§  22,  Thru$t  of  Roofs, — The  formulas  found  in  the  preceding  para- 
graphis  are  immediately  applicable  to  calculating  the  thrust  of  rafters 
or  ''^couples"  for  roofs  (Vi\  fermes)^  According  to  these,  we  have  in 
the  ease  of  simple  lemi4o  and  coupled  roofs,  as  in  Figs,  31  and  32, 


fig,  31. 


Fig.  33, 


hi  the  horizontal  thrust  acting  at  the  lower  and  upper  ends 
//  ^  —  cotg.  a,  or,  as  in  this  case  «  s.  }  ?,  if  =  i  G  cotg.  ^ ; 
again  the  vertical  pressure  at  the  upper  end—  0,  and«  C  the  weight  j 


.t.  ^ 


TRBT7BT  OF  lEOOFS* 


of  the  couple  and  it&  load  at  the  lower  end.     If  we  put  the  height 


of 


roof  BC 


e^tff.  *  » 


A' 


A,  and  the  8pan  or  width  JIC 
and  hence  the  thrust  of  the  couple  -■ 


DC 

h 


then 


\  G    '  andthu» 
h 


we  »€€  that  the  horizontal  thrutt  ineremeg  directly  a»  the  gpan^  &nd 
invtrnely  as  the  height  or  pitch  of  the  roof.  The  usual  limita  of  h 
are  hetween  2  b  and  ^  b.  The  former  ratio  is  that  of  church  roofs 
of  the  Saxon  and  Norman  period,  and  the  latter  that  of  tlie  flat 
Italian  roofs  of  modern  houses.  In  the  fc^te^j  s  ^  26'^  34'^  and 
in  the  latter  SS*^  26'*  The  thrust  of  the  couples  is  very  great  in  flat 
roofs;  in  the  Italian  roof,  for  instance,  as  above  specified,  the  thrust 
equals  the  whole  weight  of  the  couple  and  lood;  in  the  Saxon  roof 
the  thrust  is  not  above  one-fourth  of  this.  The  feet  of  the  couple 
must  be  raorlj<s?d,  or  otherwise  fastened  into  the  beam  (tie-beam)  to 
prevent  sliding.     The  entire  pressure  of  a  rafter  at  ita  foot  Ji  is : 

and  for  R/IH^  t?  the  angle  made  by  the  line  of  pressure  with  the_^ 
boriionf  we  have 

G  G         2A      o. 

tang^f^-^  ^^-^2tanff. 

Thus  we  may  find  the  direction  of  the  total  thraet  at  the  foot,  by 
doubling  the  height  of  the  couple ;  or,  by  making  CE  —  2  *  CB^ 
and  drawing  a  line  through  the  foot  j?,  from  the  point  £,  and  pro- 
ducing it  to  R, 

For  the  pair  of  rafters,  Fig*  32,  in  which  the  rafters  are  of  equal 
length,  these  exert  on  each  other  only  a  horizontal  thrust ;  but  if 
the  rafters  be  of  unequal  length,  ^  in  Fig.  33,  the  force  F  with 
which  one  rafter  presses  upon 


the  other,  deviates  by  a  certain 
angle  from  the  horizontal  If 
G  he  the  weight  of  one  rafter 
,^B,  and  G^  that  of  the  other 
CB,  and  if  8  and  Bj  be  the 
angle  of  inclination  of  these 
rafters  to  the  horizon j  and  if  ^ 
be  the  angle  of  inclination 
BDCof  the  plane  in  which  we 
may  conceive  the  rafters  to 
abut  on  each  other,  and  against 
fhict  the  force  P  acts  at  right 


Fig.  33, 


Qgles,  we  have : 


i 


Geos.  8 


COM, 


("-»)■ 


and  ei  } 


G,  eot.  t. 


co$.  (180<= 


«,)' 


hence 


—  G  coe.  4  C09*  {A  +  ij  e=  G,  cq8*  &^  go».  (^ —  4),  or 
G  {tin,  0  sin,  a,  —  cqs,  3  co9.  3^)       G,  {&in.  ^  sin.  *  +  cos*  j$  cos,  h) 


sm*  |3  cos*  i. 


sin*  0  cos*  ^ 


(X>M POUND  moops* 


dividjiig,  we  have : 

6?  (tang,  ^^  —  cofff.  ^)  =  G^  tang.  S  +  mtg,  ^),  thus 
mtang.  &  »  G  tang- B,- G,  tang,  B 

And  from  this  we  have  the  horizontal  thrust  of  both  rafters : 
G  »in.  ^  COM.  {  \  G 


J/—  F  Bin.  0  ' 


co#.  {4  —  a) 
i(g+G.) 


cotg,  j$  +  fan^.  fi 


As  to  the  vertical  pressures  V  and  F^  at  the  rafter  feet,  the  one 
IB  equal  to  the  weight  G,  minus  the  vertical  component  Q  ss  P 
t?ot,  ^,  and  the  other  ia  equal  to  the  weight  G^  plus  this  compo- 
nent; or, 

Q_^  {Gtmng.  B,—  G^tang.  1) 

tang>  ft  +  ia?»^.  ij 
^G  ^flrt^.  Sj —  Gj  ^fln^.  S\ 


V^G  —  Hcotg.& 


and  K 


«.  +  i(^ 


tan^»  fi  +  tang,  h^ 


Examptt,  The  raof  JBD  (Fi«.  32)^  ib  40  feet  spun^  and  30  feet  beiglit,  and  consists 
of  oouples  4  feet  from  centre  to  cemre,  6  X  &  ^**^^  icandinga  —  required  iho  dinjsn 
Aasuroing  each  aquare  fool  of  fooftng  to  weigh  IS  Iba.j  we  huve  for  the  load  on  eath 
rafter  15x4  ^20' +30^  —  60  ^Tafii=  S 163  Ibe.     The  rafter  itself  weighs  i  X  f  X  44 

lbs,, 


v^^O**-!-  3U'=  V  ^/1300=  521^  Iba,,  and,  therefore,  ihe  vertical  preasuro  of  a  rafter 
V^Gmz2i6Z~\-  529s=26^  tbs^  atid  die  tliruBtsi|  G  isi.2692  {^=S97  lbs. 


§23* 


Fi«.  34 


Compcmnd  -Be>a/«, — In  many  framings,  as  in  mansard  roofs, 
the  rafter  !>£,  Fig*  34,  does  not  rest  on  a  tie- 
beam,  but  on  a  second  rafter  CD,  and  this  again 
on  a  tbirdf  and  fourth^  and  so  on,  Tliat  the 
pressure  of  one  beam  may  be  completely  trans- 
ferred to  the  next  in  this  case,  it  is  necessary 
that  they  should  have  certain  relative  positions. 
These  positions  are  determined  by  the  condi- 
tions that  any  two  beams  abutting  against  each 
other  should  undergo  equal  horizontal  pressures. 
The  horizontal  pressure  of  the  rafter  Z>i\  is 
//  =  J  G  CQtg.  B,  when  G  «  the  weight,  and  6 
its  inclination.     For  the  second  beam  or  rafter 

DCiH^ ^^^-^  ^') — ,  when  G.^and H, de- 

iang.  a^  —  fan^.  a 

note  weight  and  inclination  of  this  second  beam.    Hence  by  equating 

the  two  values,  we  have : 

tang,  h^  —  tang. 

like  manner,  for  the  inclination 
horizontal  thrust 


I 

I 
I 


./  /  "'•'^       '■ 


ad  in  like  maDner  far  a  fourth 
tanff.  0| «»  tang. 

G 


e,  +  ^_^»e««j. 


— *  J  tang,  a,  &c. 


I  tang,  e, 


If  eaoh  lieam  he  of  the  same  weight  G^  then 
(aiijr.  Bj  ^  3  tanff\  i,  fan^.  *i  ^  ^  tang.  5,  faif^^. 
tatt^.  ft^  =  9  ?am^,  *,  &c. 

ifj  therefore,  in  this  form  of  roof,  the  height  EH^  Fig.  34,  corre* 
apomling  to  the  first  beam  or  rafter  1>£,  be  set  off  upwardB  repeatedly^ 
ftnd  through  the  divisioni^  1,  3,  5,  7,  &c*,  lines  1>1,  D3^  D5,  D7,  &c., 
be  drawn,  these  lines  give  the  indiuationa  of  the  other  rafters.  It 
if  also  evident,  that  the  figure  of  this  combination  of  rafters  is  that 
of  a  funicular  polygon  formed  by  the  weights  G,,  G^,  G^,  &c.  (ite 
VoL  I,  §  144),  and  this  coincidence  is  quite  explained  j  if  wo  conceive 
the  two  halves  of  the  weight  G  of  each  beam  collected  at  its  ends 
A  C,  B,  *f ,  &c.,  and  polling  downwards,  that  is,  if  we  assume  the 
weight  G  acting  at  each  of  these  points. 

If  we  take  the  beams  very  short,  and  very  numerous j  the  axis  of 
such  a  framing  becomes  a  catenary, 

§  24*  Supported  Rafters, — If  the  head  of  a  rafter  rests  on  a  pillar 
BC\  Fig*  35,  the  thrust  of  the  rafter  is  less 
than  when  it  merely  let^s'-^^  a  vertical  wall. 
In  this  case,  according  to  §  21*,  the  pressure 
on  the  head  of  this  pillar  is: 

P^Gieos.^^^G  COS.  a, 

and  the  horii^ontal  thrust: 
H^  P  tm.  a  =  J  G  cos,  6  sin.  «  =  J  G  am.  2 B. 
As  the  pillar  supports  a  part  of  the  weight 
G  ^  V^  P  c&s.  A  mm  ^  G  (cos.  &)\  the  beam 
does  notj  of  course,  press  with  its  whole  weight 
G  on  the  foot  Ji:  but  with  a  force: 
Fj=  G  —  ^G  (cos.  a)*  =  G  [1  —  J  (cos,  a)*]  = 
From  this  vertical  pressure,  and  the  honsiontal  tlirust  if,  we  get 


Tin,  35. 


J  G  [1  +  imi.  hn 


pressure 

the  angle  f^  which  the  resultant  R  makes  with  the  hortxon,  vis: 

•  .^       ^       H       .  sin.  2  I 

tang.  f^~^l 


(sin.  Bf 

b  and  height  Bd 


h^  we  get 


If  we  introduce  the  depth  ^C^ 
II  ^  — —  ,  ^,  while  in  the  case  of  the  beam  simply  leaning,  we 


KIXQ'POSTi. 


h       C* 

haj  Ha*  -^  *  —,     If  each  unit  of  length  of  the  rafter  bears  a  load 
h     2 


whose  weight  is  y,  we  have  G 
one  case  H  <s — '— 


and  for  the  other  H 


yj  and  therefore  in  the 
2k         '"' 


go  that  if  the  pillar  support  the  rafter,  the  horizontal  thrust  is  so 
much  the  lees  the  lower  the  roof;  while  for  roofs  without  such  sup- 
port, the  thrust  is  greater  as  the  roof  is  lower. 

That  the  post  EC  may  not  be  overturned  bj  the  horizontal  force 
H^  it  is  necessary  to  support  it  by  a  wall. 

The  relations  of  the  forces 
Fiit.  ^6.  now  diseuased,  occur  in  the 

coupled  roof,  shown  in  Fig* 
36,  applicable  in  some  cases, 
where  the  rafters  are  sup- 
ported at  the  ridge  by  a  cen- 
tral wall  or  column.  The  pil- 
lar takes  up  the  weights  |  G 
{coi.  If,  i  G  [eoi.  h)\  and 
transfers,  therefore,  the  ver- 
tical pressure  G  (co*.  hY  to 
its  support^  and  the  hori- 
zontal thrust  H^  \  Gain.  2  S.  Ther^  is  no  side  support  required 
for  the  pillar,  as  the  horizontal  thrust  is  equal  on  each  side. 

Rsampk,  For  the  roof  in  the  E^xatripte  to  §  22,  ilie  loft<Jin^orone  rafter  G^  2692  lbs  ^ 
b  =  2U  A-et,  A  =  30  feer,  tbererore,  tang.  |  ^  J,  vr  *  =  &IJ*  lb'  30 "i  and,  tUerefwe, 
wben  a  piUtLt  is  pui  in,  Ihe  taarlzonml  tlirust  i»:  . 

.  1 1'2<*  37'  12"  ^  073  iin.  67«  23'  48" 


ir   I 


H^ 


2_«92. 
4 


-.mi  I 


!£?!    (n>i,  50°  1^36")*  — ?4M 


ThB  veriicHi  pressure  taken  up  hy  the  ptUar  h  V 

IbL;  ami,  xheTetnT^-,  the  beam  supports  a  simin  of  only  2692^  746,3  ^  1945  lbs. 

§  25.  Kinff-postB* — Whilst  in  the  cases  just  considered  the  posts 
relieve  the  tie-beam  (or  walls  in  the  ah&ence  of  a  tie)  of  a  part  of  the 
thrust  of  the  rafters,  the  king-poBt^  BC\  Fig,  37|  acts  in  a  very 


I 
I 
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different  waj ;  it  carries  a  part  of  the  weight  of  the  tie-beam  ADj 
and  transfers  it  through  the  rafters  AB  and  DB  to  act  as  thrust  on 
the  side  walls,  or  rather  as  tensile  strain  on  the  tie.  The  force  Q 
acting  through  the  king-post,  may  be  deduced  from  the  scantlings 
of,  and  kind  of  load  acting  on  the  beam  AD.  If  the  load  be  uni- 
formly distributed,  it  may  be  assumed,  that  the  one  half  is  supported 
by  the  side  walls,  the  other  half  hangs  on  the  king-post ;  but  if  the 
load  be  applied  at  the  centre  of  the  tie,  it  must  be  considered  as 
acting  entirely  on  the  king-post.  The  force  Q  on  the  kine-post  is 
decomposed  into  two  others  in  the  dinwtion  of  the  rafters,  the  yalue 

of  each  of  which  \&  S  mm  —-^ — f  snd  if  we  combine  these  forces  with 

those  arising  from  the  weights  G,  6  of  the  rafters,  we  get  the  hori- 
zontal thrust  in  A  and  D : 

Emm  I  G  cotg.  a  +  Sco%.  I »  ^"^  ^  .  etitg.  a, 
and  the  vertical  pressure  at  that  point : 

For  bridges  and  roofs  of  great  span,  more  complicated  framing, 
with  two  or  more  posts,  and  termed  trusses,  are  applied.     Fig.  38 

Fig.  38. 


represents  a  truss  with  two  posts,  termed  queen-posts,  BC  and  -B,Cj, 
with  a  collar  beam  between  them  BB^.  The  manner  of  calculating 
the  strains  in  this  framing  is  exactly  similar  to  that  for  the  simple 
couple  with  king-post.  From  the  load  on  a  queen-post  Q,  the  hori- 
zontal thrust  on  the  collar-beam  tending  to  compress  it,  and  acting 
on  the  side  walls,  if  there  be  no  tie,  iB  H^ml  Q  catg.  a,  when  a  is 
the  inclination  of  the  rafters  or  braces  AB  and  AJS^  to  the  horizon. 
As  this  angle  is  frequently  a  small  one,  the  thrust  is  considerable, 
and,  therefore,  care  must  be  taken  with  the  foot  fastenings  (see 
Vol.  II.  §  17).  The  scantlings  of  the  braces  and  collar  beams  must 
be  fixed  by  the  rules  in  Vol.  1.  §  206,  &c.,  so  that  they  shall  resist 
flexure  and  fracture,  when  exposed  to  forces 

^-       ^       andH— JQ(?o<l^.  a. 


2  sin.  a 
The  force  Q  depends  on  the  loading  of  the  briJge  or  roof. 


jp^ 
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load  be  uniformly  diffused,  we  shall  do  be?t  to  aisume  that  each  posi 

carries  J,  and  each  side  wall  i  of  the  load. 

Examplf,  Suppose  the  trussed  britlge  In  Fig*  38,  designed  as  one  of  two  for  h  60  le«i  I 
ppan  and  \U  feet  wiite  bhrl^^et  Aiippo«e  i^mh  9*]i<«re  foot  of  the  bridge  togetber  with  ili 
Joiid  wei(£b$  50  (bs,  the  weight  of  the  bridge  i$  i2  X  60  X  ^^^  36000  lba.,anJ  the  loud 

on  the  qije4;n  |Xhit4  ^  ^- — ^  ^  iSOtM}.     Therefore,  for  mn  inclination  of  tlie  rmfters  of  I 

22i°>iheborii£ont»f  pressure  «  J  ISOOd  | 

lb*  f  and  the  ibrust  ihroiigh  <S)di  r^fler 

^      '^^'^  _  ^  15670  Jbs.     The  half 

tin.  2'J§^ 
of  iheiMj  §trsin«  ooine  on  the  pieces  of 
each  of  tlie  two  trusses,  so  thut  on  each  , 
collar  UierB  would  be  7242,5  lbs,  and  j 
on  each  raider  7B39,a  Iba.     If  we  taka  , 
;he  reaistnnee  ef  wood  (Vol  L  §  90ftJ 
at  74DO  lbs,  and  if  we  strain  otijjrtoj 
l^j  of  the   absolute  strength,  we  foAl 
for  the   section  of  each  collar  beam  ' 
^        7242,5.20    _  144M^    ^^^^  i 


squnre  inches,  and  for  each  brace  or  rafler  . 


740U 


74 


_  if^  =.  Sl,2  square  inoto. ' 


7400 
15679 

74 
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J?  = 


Mtmark.  More  comi>osiie  ipusaea,  at 
indicRteil  in  Figs.  39  and  40,  are  calcu' 
Iftted  in  the  same  tna niter  as  ibe  abOTe. 
In  encli  of  ilie*e  it  may  he  B»uin<Kl 
that  each  of  ilie  four  po»t<  or  uprigbti 
carries  one-fiftb  of  tbe  entife  load,  and 
that  the  remaining  Hflh  rests  immedi* 
flirty'  on  ihe  siile  walls*  In  the  cctn- 
^T minion  shown  tn  Fig*  40,  the  direc- 
lions  of  the  different  rafter*  nra  not 
opiioiifil,  1?tii  ile(jendeni  one  upon  (ha  I 
odier.  If Q  be  the  Wfiirhi  mi  each  post,  | 
{ind  I  rbe  iiK-Jitiftiion  of  the  hmee  BC^ 
and  t«  that  of  J^B^  I  be  lioruEODtal  lliruat 
:  Q  cotg.  i=s(Q^  qy  mf^.  t,,  herw*  Wig.  »  =  2  coig.  I»  j 

or  ltM»g.  t,  ^  y  iting,  t 

26.  Timber  Bridges. — The  framings  in  the  foregoing  sectioiT  ] 

support  the  road-way  or  ceiling  by 
Fig.  4\.  suspension,  but  there   are  trusses 

applied  for  bridges,  which  stipport 
the  road-way  on  the  opposite  prin- 
ciple of  gustaining  them.  In  these 
latter,  the  distribution  of  the  pres- 
sure takes  place  exactly  as  in  the 
former.  In  the  simple  case  shown 
in  Fig.  41,  we  have  from  the  verti* 
cal  force  Q  acting  at  the  centre  of  the  bridge  .^Ji^,  the  horizon- 
tal thrust  H  =  ^  Q  eotff,  *,  and  the  strain  on  the  Bpear  or  8tru$  , 

BC^  S^  h    .      ,  when  ft  is  the  inclination  of  the  strut.     In  the 

*  sin,  ft 
example.  Fig,  42,  the  forces  are  the  Bame,  but  in  this  case  Q  may 


'^^^^^^^^^H^^^^^^^Htsb^H 
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Ike  taken  at  j  of  the  whole  loftd,  whilst  in  the  case  Fig.  41 »  Q  =  ^ 
the  load-     The  piece  CC^  m  Fig,  42  is  termed  a  %trainbig  eilL     If 

Fig.  42. 


Fig.  -14, 


there  be  a  doable  set  of  struts  or  spears^  as  indicated  iit  l^'i;z.  43, 
there  are  four  struts,  and  it  may  be  assumed  that  each  coined  onu- 
fifth  of  the  whole  load,  or 

Q  —  i  G,     To  prevent  de-  ^^3^  

flection  of  long  spears,  braces 
or  counter'brae^s  JiD^  *^t^i 
ife  added,  particularly  when 
there  are  several  sets  of 
spears*  The  distribution  of 
the  pressure  in  the  case  of 
epears  of  unequal  length  be- 
ing used  as  in  Fig.  44,  is  to 
betaken  as  exact Ij^  the  same 
as  in  Fig„  43,  only  that  in 
tbeie  the  braces  or  suspend- 
mg  posts  CD,  CjJOj  become 
tht  more  requisite  as  the 
ttmts  cotne  to  have  consi* 
derable  length.  It  is  proper 
to  take  the  weight  of  all  the 
parts  into  calculation,  and  to 
reckon  that  half  the  weight 
of  each  part  acts  at  its  end. 
The  centerings  for  bridges 
Afford  the  most  frequent  ap- 
plication of  the  kind  of  fram- 
ing we  are  now  considering. 
Figs.  45  and  46  represent 
two  such  centres*  The  pressure  which  each  simple  frame  j^BB^^i^ 
or  ABAy  undergoes  and  has  to  resist,  may  easily  be  determined 
by  calculating  the  weight  of  the  part  of  the  arch  bearing  upon  it. 
VOL.  U, — 6 


Fir.  45. 


If  the  two  speara  abutt 

on  each  other  have  diflereiil 
inclinations  to  the  horizon, 
as  in  the  construction  shown 
inFig.46rth6Slraiji  on  them 
is  of  coarse  uneqnaL  If  the 
angles  of  inclination  of  two 
such  spears  =  3  and  a,^  and 
if  the  vertical  pressure  at 
the  abutting  joint  =  Q^  the 


nn, 

a  COS.  »j 


sin.  {I  +  «J 
§  27,  Hoofs,  —  In  roof^,  collar 
beams  are  applied  to  prevent  deflex- 
ion of  the  rafters,  as  also  queen-posts^ 
braces f  &Ci,  and  the  nature  of  the 
forces  may  be  traced,  as  in  Figs*  47, 
48,  49. 

§  28.  Posts,— The  strength  of  piU 
lars  and  posts  subjected  to  tensile  or 
compressive  strains^  when  these 
in  the  direction  of  the  axis,  have  been  investigated,  Vol.  I,  §  183  to 
§  206.     It,  however,  not  unfreqnentlj  happens,  that  the  forces  act 


Fig.  48 


Fir  49. 
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F 

fr- 

r^n. 

1 

1 

D 

n 

out  of  the  axial  direction,  and  we  shallj  therefore j 
examine  this  case,  EF  in  Fig*  50,  represents  a 
suspending  post  to  which  a  tensile  strain  P  is 
applied  exeentricallv.  Let  F=  the  area,  L  the 
length  EF  of  the  post,  a  =  the  leverage  FH,  or 
the  distance  of  the  direction  of  the  force  from  that 
of  the  axis.  Prolong  FH  in  the  opposite  direc- 
tion, and  make  FL  =  FH^  a^  and  conceive  that 
in  L  two  equal  and  opposite  forces  ^  P^ —  i  P 
act :  there  results  an  axial  force  FP  ^  P,  and 
a  couple  i  Pj  —  i  P.     The  former  extends  all  the 
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p 

fibres  unifonnly  by  a  quantity  %^  »  •  2^  but  the  latter  extends 

the  fibres  unequally  on  one  side,  and  compresses  them  unequally  on 
the  other.  If  the  post  be  rectangular,  with  the  aectionai  dimen- 
sions b  and  A,  where  A  is  in  the  same  plane  as  a,  the  moment  of  the 
force:  ^ 

Pa^^WE^h^ECViiLUldl),  W-^^.   :B^fJr£-r 

but  the  extension  or  compression  of  the  fibres  at  the  distance  1  from 

the  axis :  x,  .      , .  ^,  and  that  of  the  extreme  fibres 
^        bh^E 
\  ft  p  al 

»  1: .  m  «•     f\\  therefore  the  greatest  extension : 
2  6A»fr 

,    Ax,       PI /I    ,    6a\        PI  /.    ,   6a\ 

But  for  the  force  K  producing  rupture :  ^  ■■  ^  hence  the  modulus  of 

strength: 

Km,  -—(l  +  -^\  and  inversely : 
oh\  A  / 

P,     **     .K. 

If  the  post  be  cylindrical,  and  its  radins  -« r,  we  hare  (Vol.  I. 
§  195). 

P«.ii.J^i;,hences-i^^, 
and  the  longitudinal  extension : 

r 
If  the  force  act  at  the  periphery  of  the  post,  we  have  in  the  first 
case  an  I  A,  and  in  the  second  a^ty  and,  therefore,  for  the  rectan- 
gular section  P  .  ^  £,  and  for  the  cylindrical  P  »  "L!^.     Thus, 
4  5 

theoretically,  a  rectangular  post  will  carry  only  ^,  and  a  cylindrical 
one  only  \  when  loaded  in  the  direction  of  the  side  of  what  it  will 
carry  when  fairly  loaded.  Experiments  on  cast  iron  give  results  of 
\  instead  of  \  for  rectangular  columns. 

The  same  laws  apply  to  the  uprights  AC^  Fig.  51,  but  then  x  must 
be  taken  as  the  greatest  eompression. 

If  the  column  be  inclined^  as  in  Fig.  52,  and  if  its  foot  make  an 
angle  a,  with  the  horizon,  we  may  decompose  P  into  two  others 
P^^t  P  sin.  a,  and  P^sm  P  cos.  a,  and  in  the  e({uations  for  x^  and  x,, 


POSTS. 


FiK.  5L 


Fifcr  52. 


we  must  gubstitate  P  ^in*  a,  for  Pj  and  besides  this  the  extension  \ 

produced  bj  the  normal  farce 
P  cos,  *,  has  to  be  introduced. 
If  we  substitute  P  cqb.  a  for 

Pj  and  /  for  ff,  we  obtain-^ 

for  the  greatest  extension  or 
compreseion  produced  by  the 
fi>rce  P  eoi>  a,  and  hence  for 
rectangular  sectioned  boauts 
this  extension  or  compression. 

^j  hence 


k  6  P  i^  vos. 

2^  = 


b  A*  /: 


h^,       l,K       Plr/  1    ^6a\     .         ,    6leot.a-\ 


and  therefore  the  tension 


Vh   ^  _5\   #in-  a  +   -J-  COS.  a 


']> 


JAiT 


Fie.  S3. 


6? 


n  +  ^\  Bin,  0.  +  ^i?*?«i 

If  the  arm  FH  be  on  the  uip-side  of  the  beam,  as 
shown  in  Fig,  53,  we  then  have: 
p  bhK 


('±t)"' 


^  6  ^ 
sin*  a  +  ^r-  ^*^**  ot 
/i 


p  = 


and  for  round  columns  the  expression  becomes: 


4/ 


il  4 \  tm.  a  "^  Zl  COB,  a 

S  29,  If  a  loaded  beam  jiB^  Fig.  54,  rests  upon  two  uprights,  the 
load  P  bears  upon  each  in  the  proportion  j  P  on  ^D^  and  -^  P  on 
BJ?,  when  /j,  /j,  and  I,  represent  the  lengths  vJB,  CjJ,  and  )GC0  re- 

Fiji.  54-  Fi«  55.  Fig.  5«. 


* 


speetively.  If  a  similar  beam  rests  upon  three  or  more  uprights, 
the  pres^sure  on  each  can  only  be  determined  by  aid  of  the  theory  of 
the  elastic  resistance  of  tnatcrials*     If  weights  P  and  P  act  at  the 


.    -^ 


/  -_V 


^^a-si^ 


^^  ^<-  -C  £.    /         ^   /  *.'     .^> 


/^'«-^ 


<   ^ 


< ye^  / /^  *^  >-y- /  /^^^        ^-^^r  yr/         *^  <  -   ^/  .  /  ^>»  C^-^      rf«-^ 


^     / 


^  .^.    ' 


>t--^         ^-V^«-^  7  ^        y^    t-^'  ,/i^v*.   .^^      . /'^r  ^-  .■  ti^       ^ly/y'l-^ii^.^ 


^it^-^  ;^  'iC^ 


S.tf^  *k-*^         i*»*-^!***^ 


y 


x/ 

//t^^        ^^^»-»-,-^ 


t^t.^<^'^       .//t^         ^^<^,^  C 


-  <-■  ^-^ 


.*-^i:.  w^.-  rf-tX'      ^     ^        y^.  «- 


/       ^ 


y*  A^  .         / 


<f  ^=  -  ^/-«^  *,/.•.    /^=  -:?,  ^^*  -  l-y'v  c.    . »    >C. 


^-^-^y^*--*^'^-*^- ' 


x^--. 


•-C--^     ^--«-«^ 


/A-. 


!^t>^ 


#-*^^t>^  X  -^ 


.x.^. 


X- 


,'/ 


.</^^e«-o^  A'o-t^^      ^^>-»-^.^^VCse-*-«^X  =r     -^-  e^^^t^C^^t^'^C'*-^^ 


'-y 


^^^9^-Ar^<'~fj^3.  ^ 


/A 


y^ 


<  ^-<^/_*/-^^ 


^  u-c^^  ^  ^  ^  . 


/ 


/-'^ 


--^<5^  ^-TC,^J*-<-*<:^i^< 
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Lcenlre  of  the  lengths  JiC  and  BC,  and  if  we  assume  that  the  one^ 
part  jfCis  mdependont  of  the  other  part  BC,  the  presaure  on  thei 

[centre  upright  =  P,  and  that  on  each  of  the  others  =  J  P*     But  if 

r^e  consider  the  beam  as  an  entire  pieccj  the  circumatances  are  dif- 
ferent* 

When  a  beam  fastened  bj  one  end  into  a  wall  JiB^  Fig.  56,  sup- 
ports a  weight  P  at  C,  and  is  supported  at  the  other  end  B,  the 
beam  forms  an  elastic  cnrvej  horbontal  at  jf,  but  inclining  upwards 
at  B*    For  simplicity's  sake,  let  us  assume  P  as  acting  at  the  middle 

iC,  and  put  the  length  JIB  ^  21  The  deflexion  Bfof  the  outer 
Imlf  CB  is  equal  to  the  deflexion  of  the  inner  half  •^IJ  =  BE  plus 
the  tangent  distance  TE.   But  according  to  VoL  I,  §  l&9j  the  height 

BT  ^  „  '     ,  if  P|  be  the  force  on  the  end  B  required.    Again  thi 

deflexion: 

PP 


^WE      2WE^^  ^  ^ 


BWE 


5  P\  P 


PP 


and  the  tangent  distance: 
and  hence  it  follows: 


2  WE' 


3         6    ^ 


^  _^,  or  16  /»,  =  6  P,  therefore  P, 


According  to  this  view  of  the  matter,  the  support  B  bears  /g  /*, 
and  the  point  of  fixture  A  \l  P.  The  same  relations  obtain  in  the 
case  of  a  beam  supported  by  three  uprights,  when  the  ends  *M  and  B 
are  free  to  move  up^  but  the  middle  part  C  kept  horizontal.  The 
uprights  under  ^  and  B  carry,  thereforcj  each  /^  of  the  weight  P, 
whilst  the  centre  post  carries  f  j  i*. 

If  the  supports  be  inclined  as  shown  in  Fig.  57,  there  arises  a 
horiEontal  thrust  H  ^  ^  P 

\  eoiff.  «,  with  which  the  feet  Fit-  &?.  Fig.  58. 

of  the  posts  tend  to  spread. 
If,  again,  a  beam  resting 
upon  two  uprights  be 
Btrengthened  by  two  braces 
aa  shown  in  Fig.  58,  we 
may,  though  only  as  an  ap- 
proximation, assume  that  at 
each  end  *^,  *^^  a  pressure 
—  /j  Pacts;  whilst  on  each 

point  C,  Cj,  there  is  a  pressure  of  Jj  P.     If  4  be  the  angle  of  inclina^ 
tion  BC^  of  the  braces  BC\  the  horizontal  thrust  in  C  and  B,  =  J  |  P 

P 
eotg,  ^,  and  the  thrust  along  the  brace  J  J  — .     If,  again,  I  be  the 

whole  length  ^U,  and  I^  the  part  BD  of  the  support  measured  up  to 
the  braee^  the  horizontal  strain  on  the  upright  ^  ^  •  -^f  P  cotj,  d, 

6* 


* 
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ftndj  therefore,  tbe  column  has  not  only  to  bear  the  vertical  pressure 

P 

—J  but,  likewise,  a  horizontal  force 
A 


I 


J  1*1 .  ¥  cot^.  a,  creating  flex- 

Ture  round  B,     In  order^  therefore,  to  insure  the  sufficiencj  of  such 
a  frame,  the  formula : 


I 


Ih 


coig.  I 


JiK,  59. 


must  be  satisfied. 

§  30,  Braces  or  Struts. — Fig.  59  showa  a  case  of  frequent  occur- 
rence. Where  a  beam  ^B,  fixed  in  a  wall  or 
otherwise  at  one  end,  loaded  at  the  other,  ia 
strengthened  by  a  brace  or  strut  CD.  Let 
^fB  the  length  of  the  beam  =^  ?,  and  the  part 
JIC  =  ?i,  the  inclination  of  the  beam  =  o,^  and 
that  of  the  strut  =  a.  From  the  load  P  there 
arises  a  vertical  pressure  in    C  doumwardB : 

*'         P,  and  a  vertical  pressure  at  *4  upwards ; 


V 


\  P,     The  first  vertical  pressure 


downwards  resolves  itself  into  two  forces  along  the  axes  of 
pieces : 


5: 


Vcos.  5 
gin.  (a  —  tt) 


I  P  CQB.  $ 


l^  sin.  (a  — 

I  P  €0»,  a 


0' 


and 


sin.  {«  —  tt)  Zj  sin.  (a  —  a) 
The  case  shown  in  Fig.  GO,  where  the  beam  is  supported  by  a  tie- 
braee^  is  to  be  treated  in  a  manner  exactly  similar  to  the  above.  In 
most  cases,  the  beam  AB  is  horizontal,  or  a  =  0"^,  then  we  have  i 

S=  Vcotg.  «  =  ~  cotg,  6  and  S,=     ^  ^ 


r/. 


Fisc  m, 


I. 
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The   dimensions    of   the 
brace  have  to  be  determined 
in  proportion  to  the  s|raiu   ^ 
S^  acting  on  it^  and  ^SH  bt^  fl 
the  beam  with  reference  to        i 
the  strain  S  compressing  it, 
and  likewise  the  cross  strain 
arising  from  P,  acting  with 
the  moment  P  (I — IX  Hence 
(§28): 


P  =  bkK^ 


Qeotg. 


QitzR' 


h  r 

and  by  this  equatiou,  the  section  hh  of  the  beam  must  be  deter- 
mined. For  the  case  shown  in  Fig.  61,  we  have  to  find  the  strain 
on  the  upright.     The  part  BE  of  the  upright  is  compressed  by  the 
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F,  ftnd  strained  across  by  the  moment  Pl^  therefore  we  must 

put  P  =    -    ^  ■ ,  in  order  to  get  the  required  gection  h  L    The  piece 


j9D^  on  the  other  hand,  is  under  &  tensile  strain  t 


I P,  whilst 


the  crofls  strain  is  the  same,  as  for  lower  part;  we  have^  therefore,  in 
this  case :  p  _       bh  K 

I,     +  h 
If  at  the  foot  of  the  upright  there  be  placed  a  strut  FG^  this 

IP* 
would  take  up  the  strain  S  ^ ,  if  n  be  its  mclination^  attd 

aco»,  m 

PI 
a  ^  EF^  and  the  force  jSj  =  —  tang.  »  passes  through  the  up- 
rights. Hence  the  part  EF  of  the  upright  is  strained  by  a  force 
«  p  —  S^  or  5i  —  P,  the  former  when  a  e{^tanff.  a  <  ?,  and  the 
latter  when  a  cotang,  a  >  /,  or  according  as  the  strut  falls  within, 
or  beyond,  the  point  of  suspension, 

ExwnpU.  \n  tlie  fmmiog:,  Fig.  61,  Atippose  F  ^  1500  Iba.,  AB  ^  12  feet*  ihe  upngbt 
BA^2A  fe^t,  ilie  mdinBiion  of  the  braces  ^  4&^  and  the  hohi&antal  projection  of  each 
^  6  feet  -  required  tbe  necesaary  strengtli  for  the  frame. 

The  braces  have  siraint: 

St  s= ^  ^ ^  ^  4243  Ibft.  to  Withstand. 

/,fiM.>        6nV45^         U,7U71 

Talcing  7400  as  m<x]iilus  of  Atrengthj  we  get^  allowing  20  times  absoLuta  itrengtb,  the 

4243 
MOioii  of  eaeh  brace  ^ .  20  s=  U^5  aquara  jiicliei.    For  the  beam  we  may  lake 

7400  ' 

sccordingto  Vol.  1.  §  196,  K^  12000  Ibs^  for  breaking  acro?a  ii  heie  mosi  likelf  to 
occur.     A  Now  jog  20  times  tlje  absolute  strengib^  we  hove  to  put: 

W  *  15O0  ^ ,  or ._  =  5. 

If  aow  we  make  the  depth  of  the  beam  double  Its  breadth^  we  get : 

t^  =  S   ri  +  lVorif3  —  f6  =  Y-     F™"fi  *his  we  get  the  breadth  of  the  beam 

3,1  inchetj  and  the  depib  6^2  inches*     Faf  the  bprigbt^  that  la,  for  the  eentie  part,  by 
iimiki  reasoning  we  get : 


,  1500  SB  . 


1 2000  6  A 


1  + 


6  .  n 


t  that  k 


bh 


=  f ,  or  6  A  SE  f  4. 


ISO 


■nd  if  in  tliis  «se  we  m&ke  A  ^j  2  5,  we  gel  *^  —  f  ^  ^  45^  from  which  b  1 
A  ^  7^4  inchea. 


3,7,  and 


I  3L  Compound  Beams. — Beams  laid  upon  one  another^  and 
united  only  by  bolts,  Fig,  62,  have  a  resbtance  equal  onlg  to  the 
ium  of  the  resistances  of  the  indtvidual  beaiiiM,  If  the  beams  only 
abut  on  each  othefj  as  in  Fig,  63,  and  the  butting  joints  be  made  to 


Fjg.  62. 


Fig.  e3. 
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break  jointj  tlie  strength  of  one  beam  i»  hit  to  the  whole*  If  the 
beams  be  morticed,  and  tenoned  as  in  Figs,  64  and  65,  well  strapped 
together^  the  strength  of  the  combination  is  almost  equal  to  that  of 

a  solid  beam  of  the  same  dimensions. 


Fig.  64. 


Fig,  65. 


^^SB^^^R 


Beams  are  frequently  built  in  this  manner,  to  get  great  strength. 
The  rcsisttince  of  the  elements  of  a  beam  increase,  as  their  distance 

from  the  neutral  axis.     If,  therefore,  we 
^'~  "*'*  separate  two  beams  by  thick  tenons  or 

wedges,  and  then  strap  or  bolt  them  to- 
getber,  ae  in  Fig-  66y  their  strength  is  con- 
siderably increased.  If  h  be  the  breadth 
and  h  the  depth,  I  the  length  and  a  the  distance  between  the  two 
beams,  the  strength  of  the  combinations  (VoL  h  §  200}  is: 

-\    i{a+2k)     )     6  ' 


If,  for  example,  a 


I  (a +2  k) 
=  2  A,  then  P 


14  *-J-  ,  ^,  whereas  P 
t       6 


Fiir.  67. 


1    t  ^  v^ 

^  4  — —  ,  -— ,  if  the  two  beams  had  only  been  morticed  together.* 
*         6 

The  same  relations  obtain  in  the  beam,  shown  in  Fig,  6T»  united 

by  St.  Andrew's  crosses  or  lattice-fram' 
ing*  In  like  manner,  we  determine  the 
strength  of  wooden  beams,  composed 
of  curved  pieces,  as  in  the  bridge,  Fig* 
68,  but  it  must  be  strictly  borne  in 
mind,  that  wooden  framings  lose  much 
of  their  strength  by  deflexion.  A  principal  advantage  of  such  con- 
structions is,  that  they  are  more  stiff,  and  less  liable  to  vibrate  than 

'  Fi«.  68. 


^^^^^^^^^^^^^^^^^^m 


LLilMUIJiUlJ 


*  Dbvioui  a»  U  the  truth  of  tins  st»t^mi*iii,  and  piuy  &»  is  its  npplicatiott  in  pruicit^ce,  U 
iff  ftmpiliir  tbac  so  little  use  is  made  of  it  in  rbc  con^trucl»on  of  tiinlit-r  iKriflges  nnd  other 
biiililiiii^  in  lliii  coantry.  It  is  eviitenl^y  npplicnble  to  the  clouljle  h&im  arekeSi  oAen 
jiiifi^tfml  in  iJie  Kti^Jleil  Mrch  aiiiJ  tnif*  UriJges. — Am,  £». 
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Simple  beams;  and  that,  as  thej  act  only  verticallj  on  their  points 
of  support^  they  require  no  abut.ment9^  properly  so  called. 
Cur  veil  beams,  a8  shown  in  Fig.  69,  have  been  frequently  applied 

Pip,  fl9. 


in  cast  iron  structures,  ami  cast  iron  arches,  as  in  Fig.  70,  are  a  very 
usually  employed  bridge  material.     To  judge  of  the'strength  of  such 

Fig.  10, 


a  structure,  its  line  of  resistance  must  be  determined.  If  this  fall 
everywhere  within  the  arch,  it  shows  that  there  is  no  cross-strain  on 
the  material,  but  only  compression ;  but  if  the  line  of  resistance  fall 
wkhoiU  the  arch,  the  weak  point  is  where  it  runs  furthest  from  the 
arch,  and  the  resistance  of  the  material  to  cross- strains,  is  that  upon 
ivhich  the  stability  of  the  structure  depends* 

\^Proof  of  the  gtrenfftk  of  Complex  Struct  ureM  hi/  jneans  ofModeh. — 
The  plan  of  solving  questions  in  practical  mechanics  and  engineer- 
ing by  faithfully  constructed  models,  presents  the  very  obvious  ad- 
vantage of  substituting  the  moderate  cost  of  experiment  for  the  often 
burdensome,  sometimes  ruinous,  expense  of  experience*  The  condi- 
tions to  be  fulfilled  in  constructing  modelsj  so  as  to  give  reliable 
information  in  regard  to  the  action  or  the  stability  of  structures, 
may  be  stated  as  follows: — 

IsL  An  entire  correspondence  must  exist  in  the  model,  {at  least, 
of  all  essential  parts,)  to  the  scale  of  dimensions  and  weights  on  which 
it  is  proposed  to  represent  the  structure. 
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2d.  Identity  not  only  in  the  nature,  but  also  in  the  condition  of 
materials  employed  in  the  model  and  structure  respectively. 

3d.  Proportional  accuracy  in  forming  junctures;  and  proportional 
tension  given  by  tightening  screws,  keys,  wedges,  and  other  me- 
chanical means,  by  which  the  parts  are  compacted  together. 

In  testing  the  model,  modes  of  introducing,  distribating,  and  with- 
drawing loads,  conformable  to  those  which  practice  will  involve  in 
regard  to  the  structure,  must  be  observed,  so  as  to  subject  the  model 
to  shocks,  jars,  inequality  of  pressure  and  irregularities  of  applica- 
tion, at  least  proportional  to  those  which  the  structure  wUl  be 
required  to  sustain* 

Supposing  the  model  of  a  bridge  to  have  been  construoted  accord- 
ing to  the  above  requirements,  it  might  be  u^ed  for  eith^  of  the  two 
following  purposes: — 

1.  To  determine  what  weight  the  structure  will  hear  when  under- 
going a  given  deflexion^  or  when  on  the  point  of  breaking. 

2.  To  ascertain  whether  the  principle  of  construction  be  adequ^Ue 
to  furnish  a  bridge  of  the  proposed  dimensions^  and  materials  that 
can  fulfil  the  specified  duty. 

As  a  beam  or  bridge  of  uniform  dimensions  throughout  will  bear 
half  as  much  weight  accumulated  at  the  centre  as  it  could  sustain  if 
distributed  throughout  its  length,  the  simplest  mode  of  arriving  at 
the  resujt  desired  is  to  determine  and  apply  to  the  centre  of  the 
model  a  weight  which  shall  represent  one*half  the  load  supposed  to 
come  upon  the  structure. 

The  following  formula  applies  to  the  loading  of  the  model  at  its 
centre. 

Let  b  M  the  length,  in  feet,  of  the  model  between  the  points  of 
support;  p  the  weight  in  pounds  which  the  model  is  to 'sustain  at 
the  centre,  representing  a  load  uniformly  distributed  over  its  length; 
w  SB  the  weight  of  so  much  of  the  model  as  lies  over  the  clear  open- 
ing between  its  piers ;  r  «■  the  ratio  of  dimensions  between  the 
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BqI  ft9|  bj  supposition,  P  m  known,  and  tt  m  desired  to  find  p^  the 
conversioii  of  the  k«t  formula  gives  f  =■  -j  +  -^  C?"  —  1)  [2]- 

£iaiilfft>  It  iff  re<iuirec1  to  cionftnici,  on  «  pren  plan,  a  bridge  hmvirjg  n  clear  opening 
beiWAen  the  pieis  of  ISO  Teet^  And  capable  of  ffuplnining  two  u^na  per  fool  of  its  length, 
<>r  900  loiii  in  aU»  ^tiiilly  dbiribt^ted  over  its  Mirfuce.    A  modt^l  is  nmdc  on  the  »cale  of 
oi>t  inch  to  ihe   fool,  «nd  weighing  136.3  pcj«oda,  eJtclii*jve  of  ihe  port  which  re 
(Jireelty  njion  the  Abutments.     It  la  required  (o  find  whwi  number  of  pnun<l3  mi4«t  tMiJ 
VB^petvrM  from  the  centre  of  the  models  in  ortleT  lo  prove  wbetJief  any  bridge  ooti*  j 
•tmoied  CHI  ih«  plan*  wich  the  relative  dimeotion^  and  of  tbe  mn  term  Is  usetl  in  tbe  models  | 
wHi  beer  the  loAd  above  specified. 

&ub»tjuitine  the  values  of  tbe  severai  fjmholff  m  the  second  of  the  above  equations, 

rj3t .  p  ^ 1-  —  (*'  —  l)t  we  obtain  p  ^ iz X  (12  —  U  ^  ^082 

pounds,*  4nd  twice  this  number,  or  6164  pounds,  is  ilie  weigbt  which  the  model  ought 
10  beu^,  when  distributed  uniformjy  over  its  lurface.] 

§  32*  Chain  or  Suspension  Bridges, — Suspension  bridges  involve 
coosiderations  distinct  from  the  principle  of  the  stability  of  either 
ilooe,  wood,  or  cast  iron  bridges,  inasmuch  as  the  road-way  is  sus- 
pMded  from  chains  or  ropes,  or  is  supported  upon  these.  The 
fonner  is  the  more  frequent  construction.  Chains  or  cables  drawn 
up  with  considerable  force,  between  two  or  more  piers  or  supports, 
pi^  over  these  to  fastenings  in  rock  or  masonry,  as  ahown  in  Fig. 
71  >     The  chains  are  formed  of  malleable  iron  bars^  nnited  by  pina 

Fig,  71. 


or  bolts :  and  cables  of  iron  or  steel  wirCj  laid  parallel  or  twisted 
together,   are  frequently   employed  instead   of   bar-chains.     The 

Fig,  72.  Fig.  73. 


rfSSfli 


Bt 
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dimensions  of  the  links  or  bars,  depend  upon  those  of  the  bridge. 
In  large  bridges  they  are  made  about  1  inch  thick,  from  3  to  S 
inches  deep,  and  from  10  to  16  feet  long.  Usually,  several  sets  oi 
bars  are  hung  together,  forming  a  compound  chain  united  by  coupling 
plates  and  bolts,  as  shown  in  Fig.  72  (or  without  coupling  plates^ 
according  to  Mr.  Howard's  patent  plan).  Wire  cables  are  com* 
posed  of  wires  of  from  ^'^  to  J  of  an  inch  in  diameter,  and  are  made 
of  any  requisite  diameter,  varying  from  ^  an  inch  to  3  inches*    Ike 

suspending  rods  consist  of  wrought 

iron  rods,  or  of  wire  ropes.     The 

^^^^^^^     rods  jJB,  ^jfij,  are  hung  by  pins 

nl^^       *^^^^^     passing  through  the  coupling  plates 
\a  Ia  as  shown  in  Fig.  73,  and  suspend* 


Fig.  74. 


Fig.  75. 


in  Figs.  74  and  75,  by  means  of 
shackles  with  eyes,  or  by  a  simple 


loop.  The  cross-beams  of  the  foimU 
way  C,  Cj  are  sometimes  fastened 
to  the  suspending  rods  as  shown  ill 
Fig.  74,  sometimes  as  shown  in  Fig. 
78.  The  rod  goes  either  through  the  beam,  and  is  then  fastenra 
by  a  nut  resting  on  a  metal  plate,  or  washer^  or  a  stirrup,  or  strap 
is  put  over  the  beam,  a  hook  on  the  upper  side  of  which  goes  into 
the  eye  of  the  shackle  of  the  suspension  rope,  or  into  the  loop  formed 
on  it.  Upon  the  cross-bearers  longitudinal  beams  are  laid,  and  these 
are  covered  with  three  inch  planking,  and  again  three  inch  cross 
planking,  according  to  circumstances,  and  upon  this  road-metalling, 
ac,  is  laid.  In  general  there  are  two  systems  of  chains,  one  above 
the  other,  on  each  side  of  the  bridge,  and  hence  the  number  of  sua- 

Sension  rods  is  twice  the  number  of  joints  in  any  one  chain  system, 
'he  distance  from  centre  to  centre  of  suspending  rods  is  abont  five 
feet. 
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The  Meoai  bridge  in  England,  the  two  bridges  at  Fribourg  in 
Switzerland,  the  bridge  at  Roche  Bernard  in  France,  the  bridge  over 
tte  Danube  at  Ofen,  are  examples  of  large  spans  of  from  600  to  720 
feet;  whilst  there  are  innumerable  instances  of  less  span  in  every 
country.  If  the  chain  be  not  equally  strained  on  the  two  sides  of 
the  pier,  which  always  occurs  when  one  side  only  is  loaded^  the  chain 
slides  forward  towards  the  side  on  which  there  is  the  greater  load. 
As»  however,  there  would  arise  considerable  friction  between  the  rope 
and  the  head  of  the  pier,  under  the  pressure  of  the  resultant  force 
being  on  it,  the  pier  must  have  stability  to  counteract  a  force  equal 
to  this  friction.  To  prevent  this  action,  special  contrivances  are 
'ffpted  for  diminishing  the  friction-  These  means  consist,  either  in 
ing  the  chains  over  rollers  or  pullies,  Fig.  76,  which  reduces  the 
iliding  friction  to  a  rolling  friction  on  a  small  axle,  or  the  chains 
'  p&aa  over  a  sector  which  rocks  on  the  head  of  the  pier,  inclining  to 
one  side  or  the  other  as  external  forces  act  upon  it ;  or,  lastly,  the 
pier  is  made  as  a  column  rocking  on  its  foot,  or  on  a  horizontal  axis 
at  its  foot*  That  the  resultant  of  the  forces  acting  on  the  chain  may 
press  vertically  on  the  pier  head,  and  thus  be  least  strained  by  it,  it 
IS  necessary  that  the  parts  of  the  chain  on  each  side  of  the  pillar 
should  have  equal  inclinations  to  the  horizon.  If  this  equality  can- 
not he  obtained,  as  is  not  unfrequently  the  case  for  the  land  piers 
of  bridges,  the  piers  must  be  considerably  strengthened. 


Fig.  76. 


Fig,  77, 


-MM^'- 


.'^e^i 


To  fasten  the  ends  of  the  chains  to  the  land,  various  devices  have 
been  practised,  the  general  plan  of  which  is  to  carry  the  chains  by 
wells  or  drifts  into  the  rock  or  soil,  and  there  to  fasten  them  to 
broad  iron  or  wooden  piles,  or  planking  as  at  JIB^  Fig.  77,  which 
abut  upon  substantial  retaining  walls  of  masonry,  or  against  an  arch, 
or  against  the  rock  itself.  The  fastenings  can  thus  be  examined  at 
any  time,  and  adjusting  wedges  for  compensating  the  influences  of 
expansion  and  contraction  be  conveniently  manipulated. 

Rtmark,  On  tlir  suliji^i  of  f.iiftjieii$)0{i  briJg^^  tlie  most  comptete  treatj**'  is-  tUtsi  nf 
Nnvier^  *'  Kitpfiort  el  M^rnoire  lur  les  [iijnts  AuspetJilus,  Park,  t8'i3. '    TJie  jiapefs  of  Mi. 

vou  II,— 6  -^ 
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Dftvi€«  Gilbert,  in  the  ^  Tmn«actiona  of  iha  R£>yiil  Society  of  LoodoDi  1826f'^  are  impon* 
ant  irv  the  bistoiy  of  theie  bridges*  In  Mofteley  s  **  Engioeefing  and  Afchkeoture"  There 
Is  a  very  ele^^ant  investigntion  of  the  propefiics  of  tUese  stfticttires,  Tli©  treatise  of 
Drewiy  on  "Sn*pcrt*iori  Bridget  1832,'*  is  a  very  eatceJIcnt  reAum^  of  ihu  genpra)  prac- 
tice m  retpcet  lo  suspension  bridges.  TUe  account  of  the  suspetisiuo  bridge  over  the  Vh 
laine,  at  La  Roche  Bernard,  by  Leblanc^  Paris,  1841,  is  very  instriicttv^e.  Tbere  '\s  a 
treatise  of  S^'guin,  "  Mernoirc  fiir  lei  porsf*  en  fil  de  fer,*'  worthy  of  attention.  There 
are  many  memoirs  in  the  -' Annnlea  deft  poni^  et  ehauas^e^"'  on  tbis  subjen^t;  and,  In  the 
votume  for  ]S42f  there  is  an  account  of  a  bridge  made  ofribbt^its  of  hoop  iron. 

§  34-  The  curve  formed  by  the  cham  or  cable  of  a  suspension 
bridgCj  lies  between  the  parabola  and  the  catenary,  and  is  very 
nearly  an  ellipse*  The  parabola  approximates  the  curve  in  the 
loaded  bridge  J  the  catenary  in  the  unloaded  (compare  Vol,  L  §  144 
and  §  145,  ic-).  We  shall  consider  the  curve  as  a  parabola,  or  the 
bridge  io  its  loaded  state. 

If  the  two  points  of  su&pension  B  and  D,  Fig,  78,  of  a  chain^  be 

Fig.  7S. 


on  the  same  level,  and  if  BD  =  2  ^,  and  J?C  the  versed  sine  or 
height  of  the  arc  =  a,  and  the  angle  CBT^  CDT ^  »,  then 

If  the  points  of  suspension  be  at  different  levels,  as  in  Fig.  79^  the 

Fig.  7^. 


apex  of  the  curve  ia  not  in  the  centre,  and  the  ends  of  the  chain 
have  different  inclinations.  If  we  put  the  co-ordinates  .^C  and  BC 
=  a  and  i,  and  \he  co-ordinates  *^F  and  FD  =  a^  and  Jj,  we  put 
tlie  whole  span  BE  ^  a,  and  the  difference  of  DE  =  A,  we  have : 

h  =  a  —  ffij  s  =a  6  -h  ij^  and  _  ^  --j,  we  have,  therefore^  from  A^ 
%  and  a: 
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1+    f^  1+    \± 

and  for  the  angles  of  inclination  a  and  o^: 

tang,  a  »  --— ,  and  tang,  a^  «  .--i. 

The  length  of  the  parts  of  the  chain  .dB  «■  ;  and  ^D  »■  l^j  is 
expressed  by: 

Z-  J  [l  +  t  (?)•],  .nd7,  -  J,  [l  +  f  (f)*].  (Vol.  1.  §  147). 
If  we  have  the  distance  e  between  the  suspension  rods,  their  num- 
ber for  a  length  BC  >■  &,  is  n  »  -;  and  if  in  the  equation  x^^-a, 

we, substitute  for  y  the  values  o,  e,  2^,  8«,  4e,  &;c.,  we  get  for  the 
lengths  of  the  suspension  rods: 

to  each  of  which  a  few  inches  are  to  be  added. 

From  the  weight  G  of  the  loaded  half  of  the  chain  ABj  the  hori- 
lontal  tension  of  the  whole  chain: 

Hwm  G  eotg.  «  m  —  G,  and  the  entire  tension  on  the  end: 
^a 

G  2aG 


If  we  know  the  modulus  of  strength  of  the  chains  and  suspension 
rods,  we  can  determine  the  sectional  dimensions  they  should  have. 
According  to  French  experience,  the  greatest  load  that  should  be 
brought  on  chains,  is  12  kilogrammes  per  square  millimetre  (or  about 
8  tons  on  the  square  inch),  and  for  cables  of  iron  wire  18  kilog.  per 
square  millim.,  or  about  12  tons  per  square  inch.  The  Buspention 
rods  are  made  much  stronger  in  proportion,  as  they  have  to  resist  the 
shocks  of  loaded  wagons,  &c.,  passing  along  the  bridge.  The  load 
on  them  is  reduced  to  from  1  j^  to  8  tons  per  Gfquare  inch  of  section. 

§  85.  Sectional  Dimensions  of  the  Chains  and  Ropes. — ^In  order 
to  determine  the  dimensions  of  the  parts  of  a  suspension  bridge,  we 
have  to  take  into  consideration,  not  only  the  weight  of  the  road-way, 
but  also  the  greatest  weight  of  men,  as  troops,  or  of  cattle,  or  of 
wagons,  that  can  be  brought  to  bear  upon  it.  This  has  been  taken 
as  42  lbs.  per  square  foot  of  surface  by  Navier,  but  in  the  case  of  a 
dense  crowd  of  persons,  it  might  amount  to  72  lbs.  per  square  foot. 
Having  assumed  a  certain  maximum  load,  the  dimensions  of  the 
cross  and  longitudinal  beams  have  to  be  determined,  and  hence  we 
find  the  entire  weight  of  the  road-way.  If  we  put  the  sum  of  this 
constant  weight,  and  the  maximum  load  that  may  come  on  to  the 

bridge  >■  G^,  and  the  modulus  of  strength  of  the  suspension  rods 

/J 
SB  Kj  we  get  for  the  section  of  these  F^  a  —  ^     From  this  we  have 

K. 


64 


DIMENSIONS  OF  THE  CHAINS  AND  ROPBS. 


the  weight  of  these  rods,  which  has  to  be  added  to  that  of  the  road 
and  load,  in  order  to  pat  the  total  load  on  the  chain  G.  If  we 
put  the  section  of  the  chains  »  F,  and  the  specific  gravity  of  the 
iron  B  y,  we  have,  retaining  the  notation  as  above,  the  weight  of  the 
chains : 

and  hence  the  total  load  on  one-half  the  bridge : 

G^G,+  G,-  G,+  Fi  [l  +  t  (|)*]y, 
and  the  strain  at  the  point  of  suspension 


o__^^[ill©].' 


sin,  o  8tn,  a 

But  for  the  necessary  security  S  »  FK  (where  K  is  the  modulus  of 
strength),  therefore : 

.  FJKHn.a-b^l  +  fg)']^-G„ 
»•  e.,  the  section  of  the  chains: 


/f«m.a-6ri  +  f(^)Jy 


Example.  The  dimensions  of  the  parts  of  a  suspension  bridge  of  150  feet  span,  15 
feet  deflexion,  and  25  feet  in  width  are  required.  Suppose  45  suspension  rods  on  each 
side,  we  have  then  44  equal  parts  of  3,409  feet  each.  The  lengdi  of  these  rods,  com- 
mencing at  tlie  centre  would  be  0, 15.  =  0,031, 4 .  1^  =  0,124, 9  .  15.  «i  0,279, 16 .  — 

22'  22«  22«  22« 

15 
a  0^96,  25  .  --K  0,775  feet,  &0.,  or  if  we  add  to  each  2  inches,  the  length  beoomet: 

2,2,37,3,49,  5,35.  7,95,  11,30  inches, &C.    -i, -^^,    ':    '   ' .  V  • 

The  maximum   load   on   the   half  bridge,  we  shall   take   aooording  to  Navier 

75  X  '^^*  X  -13  lbfl.=s  7S750  lbs,,  and  if  iho  rQad*wny  weighs  a  liiile  les«  than  a  ton  per 
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^25,48  wqmn  inehet,  and,  therefore,  for  4  duuns  the  MCtkm  of  each  would  be  6,37 
•quare  inchei. 

§  86.  EUmgation  of  Ohain$. — The  chains  are  elongated  by  the 
load,  and,  therefore,  the  deflexion  is  increased.     Changes  of  tem- 
perature also,  produce  variations  in  the  length  of  the  chains.     We 
*   must  know  the  efiects  of  both  these.     If  the  deflexion  changes  from 
a  to  a^j  the  length. 

and  hence  the  elongation  of  the  chain : 

or  if  A  be  the  increase  in  the  deflexion,  and  if  we  put  as  an  approxi- 
mation a  +  a^  «>  2  a,  Hj  s  j  .  A,  and,  therefore,  for  the  whole  duun 

0 

3L  a  I  -  A,  inversely  a  ^  j  _  n.     From  the  weight  O  of  the  half 
0  a 

bridge,  the  horizontal  tension  or  tension  at  the  apex,  H^  G  eaig,  a, 

and  the  tension  at  the  ends :  S  ^  —, ,  therefore,  the  mean  tension 

Mn.  a 

«  !L±1 «  G{l  +  €09^)   ^^^  ^^g  extension  of  the  chains  caused 
2  2  »in.  a 

by  this  force  x  -  (^  +  f<>*' «) .  -^  .  2  i,  (Vol.  L  §  183),  for  which 
2  sin,  a        FE 

^  Gh 
we  may  put  as  an  approximation :  x  »  , .    If  we  introduce 

this  value  into  that  for  a,  we  get  the  increase  in  the  deflexion  for 
the  loaded  chains : 

"  *  *  a  ""  FH  9in.  a  ""  *  FJS  Hn.  •  "  a  ' 
or  Bin.  a  w  —  or  approximately  ^  --^,  we  get 

Malleable  iron  expands  0,0000122  of  its  length  for  a  rise  of  tem- 
perature of  one  degree  of  centigrade  (=,0000068  for  1°  Fahr.). 
This  increase  is,  therefore,  0,0000122  .2  It  for  the  length  of  chain 
Z,  and  a  rise  of  t  degrees  of  temperature,  or  0,0000244  1 1  Putting 
this  in  the  expression  for  ^,  we  get  the  increase  of  deflexion  for  a 
rise  of  temperature  t: 

A  «=  f  .  -  .  0,0000244  .  Ity  or  approximately  «  0,00000915  .  t  -. 
a  a 

In  like  manner  the  contraction  is  determined  for  decrease  of  tem- 
perature. 

Example.  Retaining  the  values  of  the  example  in  the  last  paragraph,  we  get  the 
increase  of  the  height  of  tiie  arc  corresponding  to  the  load,  taking  the  modulus  of  elas- 

6* 
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tioityof  malleable  iron  =  2900CMX)0  (VoL  L  §  ISi),  and  adding  6841,8  ibs.  ibe  half 

weigUt  or  the  chamB  to  the  Load  15H794,5  LbcL 

G  =  15^794,5  +  6841,8  =  165036,3  Jbs. 

165636,3  900*        1397        .  q       .       t  .  r  . 

—  —  1  Q  .^^u     Yoi  a  change  of  temperature 


^l 


20,4B  ^  ^^^(KMJOO      ISU* 
of  2CP  C,  chis  change  *>f  deflexion  is : 


I'M 


1|9  inch. 


0,00000015  .  20 


I  0f4  indies. 


Fig.  SO.  §  37-  J^iers  and  AbutmenU, — The  pro- 

portions of  the  piers  and  abutments  form 
an  important  consideration. 

If  S  and  5,  be  the  tension  on  the  ends  of 
the  chaitK  Fig,  80,  and  a  and  o^  the  angles 
of  inciinatioD,  the  vertical  preasore  on  the 
pier: 

Fj  =«  F  4-  Fj  =  *?  em,  <»  +  5^  mn.  d,, 
and  the  horizontal  prossure,  as  the  horizon- 
tal tensions  counteract  each  other, 

J/j  =  H —  //j  =  S  €09.  a S^  C09»  »^* 

If,  bow,  h  be  the  height,  h  the  breadth,  and  d  the  depth  or  tluek- 
nees  of  a  pierj  the  density  of  the  masonry  of  which  =  y,  its  weight 
is  fi  d  Ay  =  G,  and  the  total  vertical  pressure  =^^-^-0^8  mi-  a 
+  S^  sin.  »i  4"  hdky.  In  order,  howeverj  that  the  horizontal  force  H^ 
=  H — if  J  may  not  turn  the  pier  on  the  edge  -B,  it  is  requisite  that 
the  statical  moment: 

H^ ,  XX  E=  ^j  A  =  (S  COS.  »  —  S^  COB,  flij)  h 
should  be  less  than  the  statical  moment: 


{r,  +  G)BL 
,  e,  it  is  requisite  that: 


{S  Hin,  tt  +  &\  sin*  a^  +  b  dhy)  ^^ 


dh- 


dhy 


2(H-tf,) 
d-r 


or 


For  the  sake  of  security,  the  greatest  value  of  S  cq$.  a  and  the 
lemst  Yalue  of  S^  com.  a^  are  to  be  taken,  that  is  to  say  S  is  to  be 
taken  as  completely  loaded^  and  S^  as  unloaded.  This  formula  as- 
sumes that  the  forces  S  and  S^  are  entirely  transferred  to  the  pier 
head,  which,  of  course,  only  takes  place  when  the  friction  on  the 
pier  head  exceeds  the  difference  S  —  S^  of  the  tensions.  According 
to  Vol.  L  1 175,  this  friction  is: 

where  /  ia  the  co-eflScient  of  friction,  n  the  number  of  links  on  the 
pier  head,  and  ^3  the  central  angle  corresponding  to  one  Unk^  it  is 
hence  requisite  that: 

8~~S,  *  [(l  +  2/«n.  I) -l]  *„  or 
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iS  <  (l  +  2/«m»  |\  &     Unless  this  condition  be  fulfilled,  the 

chain  will  slide  on  the  pier  head,  and.therefore  we  have  only  to  put 

5^/1+  2/^m.  ly*  S,,  or  for  ropes  S=  e/^  A\  (Vol.  L  g  176), 

in  the  above  formula.  If  the  chain  or  cable  be  kid  upon  pulleys^ 
this  difference  is  much  less,  and,  therefore,  the  requisite  thickness  of 
pier  is  leas.  If  the  radius  of  the  pulleys  =  a,  and  the  radius  of  the 
axes  on  which  they  turn  =  r,  then: 

r 
for  the  friction  reduced  to  that  of  the  axis  may  be  put  ^^f^(S9in. 


•0  +  5;  sin.  a,)  =s  /  ?  ( V  +  Fj).     If  the  rop©  passes  over  rollerfi, 


then  the  friction  is  so  much  reduced,  that  we  may  put  S 
From  the  tension  S  on  the  land  or  back 

chains,  we  can  determine  the  dimensions  of 

the  retaining  wall  v?C,  Fig,  81. 

The  etrain  S  tends  to  turn  the  masonry 

jJC  round   C,  and   acts  with   a  leverage 


Fig.  8L 


CJ^  =  CD  sm.  a  =  I  dfu 


if  a  be  the 


angle  of  inclination  SDC  of  the  rope  to 
the  horizon,  and  I  the  length  CD  of  the 
wall.  The  height  of  the  wall  resists  with 
the  moment; 

where  h  is  the  height  BC,  d  the  depth,  and 

y  the  weight  of  the  masonry.     For  equilibrium  S I  Bin,  o  =1 1  A  d  P  y, 

and,  therefore,  the  requisite  width  of  wall  I  =         ^"^'  **.     To  insure 

h  a  y 

stability  this  must  be  doubled*  That  such  a  wall  may  not  be  pushed 
forward,  the  friction  /  (G  —  S  nn.  a)  must  be  greater  than  the  hori- 
zontal force  S  eo9,  t^^  or,/  G  >■  S  (em*  a  +/fiii.  o), 

L  e.  I  :>  -J-— ^  /^^*»  _j_  ^^^    \^  jj^  which  /may  be  taken  ^  0,67.  * 
A  ay \    /  / 

Ewtm^.  For  the  euiponjion  briilgi^  meotioned  io  prcTjou*  punigrAphf,  the  venical 
IJbfW  of  tbo  tORdefl  ehain:  V=^  165^>3M  llu.,  nm!  ilml  of  the  unloaded  : 
fV^^  V — 7S750  ^  SGS8e,3  ibs^  if  now  we  suppCMe  frkiion  pulleya  to  be  applied^  the 

rodim  of  each  pulley  being  to  tbat  of  iu  aiis  as  ^  ^  i  atnl  /^  i^  tbe  friction  at  Ibe  pal- 

r 
Ifyi  would  be  I  ,  i  .  (26563<^,3  +  868St},3)  =i  15782,G  lbs.»  or  tniicb  le*8  thun  the  dif- 
fci^iw^e  of  the  tensions,  nnd  thereJbre  the  cliains  would  move,  and  the  puheys  turn  till 
tlie  tentiofl  on  the  one  had  so  far  increaaed,  nnd  «hnt  on  the  other  so  far  d^«?a8ed  tbat 
Ihe  di^cren«e  wo«ld  be  only  15782,6  Iba.  If  now  the  height  of  the  pier  be  16  feet,  the 
U)ielcne«»  4  feet,  and  the  weiglit  of  the  msKiriry  13U  lbs.  fier  cubic  fcoti  we  have  for  the 
-BQceMafj  width  of  pier*: 
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^         252522,6        ^  ^2  .  I578g,6  eot.  >  .  ,  ^  ,    ,^     ,,^15782,6  ,  0,g285  ^  ^  ,^ 

^  16  .  4  .  i30  4  .  130  ^  260 

Therefore,  6  w  .^ifl »  1,75  feet    This  woald,  in  practice,  be  made  4  to  5  feet. 

The  requisite  length  of  retaining  wall,  when  A  «■  16  and  d^l6  feet,  is: 

2Snn.m  ^  2  .  165636,3  ^  ^^  ^  ^       ^^^j^^^  ^^j^  ^  ^^^  20  to  25  in  practice. 
hdy  16  .  10  .  130 

STRENGTH  OF  MATERIALS.* 

The  strength  of  an  engineer's  work  depends  upon  its  proport%on%, 
the  materials  of  which  it  is  composed,  and  the  manner  of  patting 
them  together. 

As  to  stability,  a  structure  may  yield,  under  the  pressures  to  which 
it  is  subjected,  either  by  the  slipping  of  certain  of  its  surfaces  of  con- 
tact  upon  one  another y  or  by  their  turning  over  upon  the  edges  of  one 
;  "I,       another.     The  former  case  very  rarely  occurs. 
"''  The  strength  of  materials  depends  upon  their  physical  constitu- 

tion, viz :  form,  texture^  hardness^  elasticity^  and  ductility. \  The 
resistance  of  materials  in  buildings  is  tested  in  reference  to  various 
8tniii0-HM>mpre88ion--exten8ion— detrusion--deflezion  undera  cross 
strain,  and  fracture  under  a  cross  strain. 

A.  Compression. — ^In  prismatic  pieces  of  stone^  wood,  or  cast  iron^ 
irhich  absolutely  crush  under  a  strain,  the  strength  is  directly  pro- 
poHianal  to  the  transverse  area  of  the  piece. 

Pieces  exposed  to  compression  are  not  fairly  crushed^  but  in  some 
measure  broken  across,  where  their  height  is  to  their  diameter  or 
least  lateral  dimensions  in  the  case  of, 

Stone,  more  than  as  6    to  1? 
Wood,         "  "4    to  1 

Cast  iron,    "  "  ^  to  1 

Wrought  iron,        "  2|  to  1 
The  manner  in  which  materials  yield  under  a  cmsblng  strain  Is 
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TABLE  OF  THE  RESISTANCE  OF  MATERIALS  TO  CRUSHING. 


lbs.  per  sq. 

inch. 

lbs.  per  sq.  inch 

Granite,  Scotch 

.  10804  to 

8184 

0.,       j^^ned. 

.    6480 

•        Cornwall    . 

.     6292 

.  10000 

Snndftone,  Dundee  . 

.     6490 

Mahogany 

.     8198 

-          Derby    . 
MwUe  (white) 

.     3110 
.     9583 

i--''!^^"'^: 

.    3200 
.    6568 

LimeMone  (Portland) 

.     6550 

^op'-'l^T*: 

.     3100 

Stourbridge  brick    . 

.     1695 

.     5100 

j^^,      5  unseasoned 
^^^      ^seaioned 

.     6780 

Cast  iron,  good  oonimoii 

.     109800 

.     7290 

»       «    SftrlMf '« loi^ftMcd    145500 

i>.._i.    5  unseasoned 
^^^    ^seasoned 

.     7730 

Wrought  iron 

.     56000? 

.     9360 

The  effect  of  seasoning  or  drying  timber,  in  increasing  its  strength, 
is  never  to  be  lost  sight  of.  In  wrought  iron,  a  strain  of  28000  lbs. 
reduces  the  length,  and  causes  a  slight  lateral  bulging,  corresponding 
to  the  slight  reduction  in  length ;  that  is  to  say,  for  a  compressive 
strain  of  about  {ths  of  the  absolute  crushing-strain,  wrought  iron  is 
quite  "  crippled.'' 

Stirling  s  process  of  toughening  cast  iron,  consists  in  adding  to  it 
proportions  of  malleable  scrapj  varying  according  to  the  nature  of 
the  cast  iron  in  its  normal  state. 

Scotch  hot  blast,  No.  1,  will  take  28  to  80  lbs.  of  scrap  per  cent. 

u  a        a      jjfQ^  2,  "         20  "  "  " 

Welsh  and  Staffordshire  hot  or  cold  blast  iron  require  a  less  ad- 
dition of  scrap. 

This  process  increases  the  strength  of  all  cast  irons,  from  50  to  80 
per  cent. 

The  strength  of  pieces,  such  as  pillars,  that  break  aeroaSy  but  are 
not  crushed  under  compression,  may  be  calculated  by  the  following 
formulas,  as  found  by  Mr.  Hodgkinson's  '^  Experimental  Researches 
on  the  Strength  of  Pillars,"  published  in  the  Phil.  Trans.,  1840, 
and  in  his  edition  of  "Tredgold  on  Cast  Iron,"  published  1846. 

For  stone:  6sf^f    Fortimber:  b  m^^ 

P  P 

For  oast  iron.    Solid  pillar,  round  ends        b  «■ 1_ 

"        «     flat  ends  6=°^*". 
Thi  kngth  1  being  not  leu  than  30  d. 

Hollow  pillars,  round  ends  b^a ! ^ 

Thi  length  1  being  not  leu  than  15  d. 

Hollow  pillars, flat  ends  6  =  a  ^i"— <<*," 

The  length  1  being  not  leu  than  30  d. 

Wrought  iron,  round  ends     b  ^ L__ 

/• 

«     flat  ends        6=°^^". 
When  the  length  iefrom  30  to  90  timu  the  diameter. 
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The  laws  indicated  by  the  formulas  do  not  hold  good  for  shorter 
columns. 


TABLE  OF  THE  VALUES  OF  o,  (D  and  d  being  in  inches,  I  in  feet,  and 
the  result  b  being  the  eru%hing-weight  in  lbs. 

Granite      .        .        flat  ends     •        .  25000? 

Sandstone 15000? 

Marble 24000? 

DantKic  oak        .        .         .        .        .  24542 

Red  deal 17511 

Cast  iron  solid  pillar,  flat  ends     .         •  98922 

"      "      "        "     round  ends.        •  88879 

Hollow  pillars,  flat  ends     .        .  99818 

"  "  round  ends  .  29074 

Wrought  iron  flat  ends    .        .  299617 

"  "  round  ends  •  95844 

The  numbers  here  given  are  co-efficients,  and  have  no  meaning, 
apart  from  the  special  position  thev  occupy  in  the  formulas. 

In  all  pillars  of  cast  iron,  whose  length  is  thirty  times  the  diameter 
or  upwards,  the  strength  of  those  with  flat  ends  seems  to  be  three 
times  as  great  as  the  strength  of  those  of  the  same  dimensions  with 
rounded  ends :  when  I  is  less  than  80  d,  the  ratio  of  the  strength  of 
pillars  of  the  same  dimensions  with  flat  and  with  rounded  ends,  is 
very  variable. 

When  pillars  are  reduced  in  length  below  the  proportion  aboTe 
indicated,  there  is  a  falling  off  of  their  strength,  neturly  in  propor- 
tion to  the  reduction  in  the  length  of  the  piUar;  and  this  obviously 
must  be  the  case,  as  the  strength  to  resist  flexure,  under  a  compres- 
siTe  strain,  Increases  aa  the  fourth  power  of  the  diameter,  whilst  the 
resistance  to  crushmg  increases  only  as  the  square  of  the  diameter. 
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Wrought  iron    •        • 
Cast  steel 

Dantzic  oak,  square  ends 
Bed  deal  . 


is  « 1745 
-2518 
=.  108,8 
-   78,5 


In  all  long  pillars,  whose  ends  are  firmly  fixed,  the  power  to  resist 
breaking  is  equal  to  that  of  pillars  of  the  same  diameter  and  half 
the  length,  with  the  ends  rounded  or  turned,  so  that  the  strain  runs 
through  the  axis. 

B.  Hxtennan. — ^When  a  tensile  strain  pMsei  up  the  centre  of  a 
piece  of  stone,  wood,  or  metal,  the  reeUtanee  is  proportumal  to  the 
transveree  area  of  the  piece. 


TABLE  OF  THE  RESISTANCE  OF  MATERIALS  TO  RUPTURE  BT 
TENSILE  STRAIN. 


Stone.     Portland     . 

Fine  sandstone 
Brick 
Glass 

Hydraulic  lime,  best 
Good 

Mean  quality  . 
Common  lime  . 
Timber.    Deal 
Beech 
Oak 

Mahogany 
Larch 
Poplar 
Cast  iron  (Hodgkinson) 
"        (Bennie)  . 
«       (Cubitt)    . 
^^        Stirling's  toughened 
Wrought  iron  bars  . 

Wire  (hard) 
Wire  (annealed),  half 
Plates 
Brass  wire  (hard)     . 
Annealed 
Gun  metal  (hard)     . 
Copper  rolled 

"      cast     . 
Bopes.     Hemp 

Wire,  (Newall  and  Co.) 


857  lbs.  per  sq.  inch^ 
215 

275  to  300 

8565 

168 

142 

100 

48 

12857  to  11649 

17850 

9198  to  12780 
16500 

9700  to  10220 
7200 
13505  to  17136 
19200 
27773? 
28000 

65520  to  56000 
128000  to  65360 
the  strength  of  hard. 
52100 

98960  to  63000 
49000 
36368 
35000 
19200 

1  ton  per  lb.  weight  per 
fathom. 

2  tons  per  lb.  weight  per 
fathom. 


In  reference  to  the  above  table,  it  may  be  stated  that  it  contains 
numbers  which  are  the  mean  values  of  the  tensile  strain,  as  deduced 
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after  a  careful  weeding  of  the  experimental  results  that  have  hitherto 
been  published. 

[Thermotevmon^  or  the  Effect  of  Heat  on  the  Tenacity  of  Iron. — 
The  following  table  exhibits  the  effect  of  heat  on  the  tenacity  of  iron, 
both  while  actually  hot  and  also  subsequent  to  the  application  of  a 
strain  at  high  temperature.  The  comparisons  are  made  on  thirty- 
two  different  specimens  of  iron,  the  origin  of  which  is  designated  in 
the  first  column  of  the  table.  The  temperature  at  which  either  the 
^^hot  fracture"  or  the  hot  strain  was  made  on  each  bar,  and  which 
produced  the  strengthening  effect  of  ^'thermotension/'  is  contained 
in  the  second  column.  The  third  contains  the  number  of  trials 
made  on  each  specimen  of  iron  to  ascertain  its  strength  in  its  ordi- 
nary state  and  temperature,  as  it  came  from  the  hammer  or  the 
rolls,  and  before  being  put  under  strain  at  a  high  temperature. 
Column  fourth  shows  the  number  of  times  the  specimen  was  broken, 
or  at  least  strained,  at  the  temperature  marked  in  column  third. 
Column  fifth  gives  the  number  of  fractures  made  on  the  specimen  to 
obtain  the  average  strength  after  being  heated,  strained,  and  then 
cooled  again  to  ordinary  temperature.  Columns  six,  seven,  and 
eight,  contain  the  absolute  strength  given  in  the  three  different 
states  respectively.  Column  nine  exhibits  the  per  centage  increase 
of  strength  by  treatment  with  thermotension,  and  ten,  the  difference 
in  strength  between  the  iron  at  ordinary  temperature  in  its  original 
state,  and  that  which  it  possessed  while  heated  as  in  column  third. 
In  three  cases  only  does  it  appear  that  the  strength  had  been  dimi- 
nished by  heating  up  to  the  point  at  which  the  trials  were  made. 
One  of  those  trials  was  at  766^,  one  at  662°,  and  the  third  at  552°. 
The  average  temperature  at  which  the  effect  was  produced  was 
573.7°,  at  which  point  the  tenth  column  shows  that  the  strength  of 
thirty  varieties  of  iron,  was  5.9  per  cent,  greater  than  at  ordinary 
temperatures,  say  at  60  or  80  degrees. 

It  also  appears  that  the  average  gain  of  tenacity  in  thirty-two 
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TABLX  SXHIBITINa  THl  SFFBOT  OV  HXAT  ON  THIRTT-TWO  VARIBTIBS 
OF  MALLBABLl  IBON. 
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Fig.  82  represents  the  tenacity  of  wrought  iron  at  various  tem- 
peratures from  0^  up  to  1317^  as  measured  in  parts  of  the  total 
maximum  tenacity,  the  line  a  b  representing  that  maximum,  and  the 
line  O^d  (indefinite  towards  d)  beine  the  scale  of  observed  tempera- 
tures, in  degrees  Fahrenheit  marked  below  it.  The  vertical  dotted 
lines,  or  ordinates  of  the  curve,  therefore,  exhibit  temperatures,  and 
the  corresponding  horizontal  ones,  or  abscissas,  show  diminutions  from 
the  maximum  strength,  at  the  temperature  observed.  Thus,  at  a 
temperature  of  1030^,  the  diminution  from  maximum  tenacity  is 
.4478,  and,  consequently,  the  remaining  strength  is  55.22  per  cent. 
At  1187^  the  diminution  is  .6352,  and  the  remaining  strength  36.48 
per  cent.,  and  at  1245^  (a  dull  red  heat  in  daylight)  the  diminution 
is  .6715,  and  the  remaining  cohesion  only  32.85  per  cent.,  &c. 

•  Of  Pittsburgh. 
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Fig.  89. 

>l>xlniaai  lenmeLty  of  iroB. 


ObtfifTed  dimmutioiif  of  loiiBciiy. 


It»« 


THS  TXN8IU  BTBAIV.  75 

For  a  more  fall  exposition  of  the  eflbct  of  heat  on  the  tenacity  of 
iron  nnder  direct  tension,  and  for  inTcstigations  of  the  relation 
between  temperature  and  tenacity,  reference  may  be  had  to  the 
^^  Report  on  the  Strength  of  Materials  for  Steam  Boilers,"  page 
212—218. 

At  page  75  of  the  same  report,  will  be  found  the  law  of  tenacity 
as  affected  by  temperature  for  rolled  copper.  In  that  metal  no  in- 
crease of  strength  takes  place  from  increase  of  temperature  in  any 
part  of  the  scale;  and  the  law  eliminated  from  about  180  comparisons 
of  different  experiments  on  several  specimens  of  copper,  is,  that  the 
diminutions  of  strength  by  augmentations  of  temperature  follow  the 
prirciple  of  a  parabola,  of  which  the  ordinates  representing  the  ele- 
Tation  of  the  temperature  above  82^,  have  to  the  abscissas  repre- 
senting the  diminutions  of  tenacity,  a  relation  expressed  by  saymg, 
that  ine  third  power$  of  the  temperature  are  proportional  to  the  second 
powerMj  of  the  diminution  of  strength  which  th^  produce.  This  law 
was  ascertained  in  the  following  manner:  Putting  t»  any  observed 
temperature  above  32^;  f's  any  other  observed  temperature  above 
the  same  point ;  d  » the  diminution  of  tenacity  by  the  former  tem- 
perature and  d'  a  that  by  the  latter :  also  making  x  o  that  power  of 
the  temperature  according  to  which  the  diminution  of  tenacity  takes 

place;  we  have,  by  the  supposition  f  if*:  :  d:  d'j  or— «  — . 

From  this  we  derive  the  expression  2;  a  -- — r—^^^^* 

hg.  r — log.  t 

Example,  At  a  temperature  of  1016®  the  tenacity  of  a  bar  of  copper  was  found  to  have 
been  diminished  66.91  per  cent,  below  its  strength  at  32®;  at  the  temperature  of  402^ 
it  Mras  21.33  p^r  cent,  below  what  it  was  at  32®;  according  to  what  power  of  the  tem- 
perature did  the  tenacity  vary? 

Herez« tog.  .6691 —fey.  .2133 ^  ^^    ^^^  ^  p,  .  ^„,  .  .  ^  .  ^  ^^ 

tof.  (1016  — 32)— toff.  (492  —  32) 
t»  :  e*  : :  «r  :  (T, 

Transforming  this  into  an  equation,  we  get  /— j    ^  f—\ ,  and—  aa  (    j>,  or  cf 

ssd  (—jT^.  From  this  }  (hg,  tf — tog.  t)  -|-  hg.  d^log.  i\  by  which,  knowing  the  dimi- 
nution d  at  any  one  temperature  t,  we  are  enabled  to  calculate  what  it  will  be  at  the 
temperature  f^ 

In  reference  to  cast  iron,  the  first  or  lower  numbers  (p.  70)  are  the 
results  of  Mr.  Hodgkinson's  experiments ;  the  higher  number  is  the 
result  of  numerous  experiments  made  for  Mr.  Thomas  Cubitt  by  Mr. 
Dines.*  This  difference  is  chiefly  of  importance  in  respect  of  there 
being  a  discrepancy  so  wide,  between  results  stated  by  two  careful 
experimenters.  In  reference  to  the  experiments  on  Mr.  Merries 
Stirling's  toughened  iron,  they  were  made  by  the  same  direct  means 
as  were  all  Mr.  Hodgkinson's  experiments.  The  tensile  strain  of  cast 
iron  is  seldom  brought  directly  into  action ;  and  the  part  it  plays  in  the 
resistance  to  cross  strains  is  evidently  not  that  for  which  the  direct 
strength  shown  by  Mr.  Cubitt's  experiments  can  be  attributed  to  it. 

•  Set  Mr.  Henry  Law's  edition  of  Gregory's  "Mathematics  for  Practical  Men,"  p.  375. 
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The  elongation  of  wrought  iron,  under  a  given  tensile  strain,  may 
be  judged  of  from  the  following  experiment.  "*" 


Load  per  square  inch  to  prodociDg  an  elongatioo  of 

Load  per 

square  iiicb, 

producing 

fiactur& 

Total  eloDga- 

tioQ  divided 

by  original 

length. 

fhv 

ihv 

B^F 

^ 

lbs. 
«4700 

lbs. 
40980 

lbs. 
46124 

lbs. 
52122 

lbs. 
56884 

lbs. 
.086 

According  to  Yicat,  the  elongation  of  iron  wire  for  a  load  of  1428 
lbs.  per  s(mare  inch,  or  -^jf  the  breaking  strain,  amounts  to  0,000057. 

Mr.  E.  Uodgkinson's  experiments  have  proved,  in  like  manner, 
that  no  material  is  so  elastic  as  to  recover  itself  perfectly  from  even 
very  small  loads  allowed  to  act  for  a  considerable  time,  and  the  de- 
fect of  elasticity  is  nearly  as  the  square  of  the  weight  applied. 

The  modulus  or  co-efficient  of  elasticity,  is  a  term  first  suggested 
by  Dr.  Thomas  Young,  to  denote  the  measure  of  the  elastic  reaction, 
or  the  energy  of  the  resistance  of  any  substance,  and  is  represented 

thus :  E  =s  -— -. 
At 

Where  E  is  the  co-efBcient  of  elasticity,  P  the  weight  in  poundsi 
producing  the  proportional  elongation  i  (^  —where  7=  the  elonga- 
tion, and  L  the  original  length)  in  a  bar  with  a  base  of  sectional 
area  A. 

EA 

Rigidity  is  expressed  by  the  ratio— =:-. 

JL  ' 

Thus,  the  elastic  resistance  of  a  prism  of  any  material,  is  really 

only  the  rigidity  referred  to  the  unit  of  length  of  the  prism. 
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TABLE  OF  DATA  OONKBOTEB  WITH  THB  ELASTIC  RESISTANCE  OF 

MATERIALS. 


Nime  of  matermL 


l&.^ 


-   c  ^ 

III 


"f  .9  ***  "9 


i3  ^  ft, 

O    □    U 

■III 


■3  8 
if 


Tetlow  pio«    . 

Red  pine 

larch 

Beech     . 

Bu  irodj  OTilirmfy  quaUtf 
"^       **     Swedish  hammered  / 
"      "     Englifih  rolled  ( 

Wim.  No,  9 J  unmnnofiled 
•^    antieeted     . 

Steel  plates,  teropered  blue 

Ste«l  wire  of  commefcc  . 

Cast  iron 


Belecied 


28M 
3333 

4408 
2470 
335S 

17,600 
24^00 
18,8&0 
47,532 

aa,3oo 

03,720 
35,700 


aooift7 

000J17 
0.00210 
0.00 1 9S 
0,00243 
0  00062 
0.00093 
0.00072 
0.00165 
0.00129 
0.00222 
0.00120 


0.23 
0,33 
0.44 
0.30 
0-30 
0.30 
0.44 
0.37 
0.49 
0.58 
0.67 
0.50 


1,713600 
1,866400 
2,149000 
1,289200 
U3B5I60 

29,365000 
30,465000 
28,825000 
28,081000 
42,600000 
29,500000 
17,000000 

10 

13,000000 

NoTB^ — By  **  Limit  of  Elasticity,"  is  meant  the  limits  within  which  displacement  of 
the  pans  of  materials  under  strain  may  be  called  into  play  withoai  permtment  pa^abU 
(knmgement,  or  er^Ung, 

C.  Detrtmon  is  the  resistance  that  the  coherence  of  the  particles 
of  materials  opposes  to  their  sliding  on  each  other,  under  a  detrusive 
strain. 

The  resistance  to  detrasion,  or  the  ^^  force  necessary  to  shear 
across"  any  material,  is  called  into  play  at  the  joints,  and  in  the 
bolts  of  framings  of  timber  and  iron,  and  the  rivets  of  steam 
boilers,  &c. 

The  resistance  of  deal  to  detrusion  in  the  direction  of  fibre  is  592 
lbs.  per  square  inch. 

The  resistance  of  cast  iron  to  detmsion  is  about  73000  lbs.  per 
square  inch,  as  deduced  from  experiments  on  crushing. 

The  resistance  of  wrought  iron  to  detrusion,  or  to  a  force  "  shear- 
ing it  across''  is  45000  to  50000  lbs.  per  square  inch,  or  from  70  to 
80  per  cent,  of  the  resistance  to  a  direct  tensile  strain. 

D.  Deflexion, — When  a  beam  is  deflected  by  a  cross  strain,  the 
side  of  the  beam  which  is  bounded  by  the  concave  surface  is  com- 
pressedj  and  that  bounded  by  the  convex  surface  is  extended.  The 
surface  at  which  extension  terminates  and  compression  begins,  is 
termed  the  neutral  surface. 

The  property  of  elasticitt/j  inherent  in  all  substances  in  a  greater 
or  less  degree,  causes  them  to  resume  their  original  form,  very 
nearly,  when,  under  forces  of  compression,  extension,  or  deflexion, 
they  have  undergone  a  limited  change  of  form.  Up  to  this  limit, 
the  amounts  of  extension  and  compre^ssion  for  a  given  cross  strain 

7* 


78 


ON  V&ACTUBB« 


are  nearly  equal,  and,  therefore,  the  neutral  surface  lies  very  nearly, 
if  not  accurately,  in  the  centre  of  gravity  of  the  cross  section  of  the 
beam. 

Beyond  this  limit  the  position  of  the  neutral  surface  changes,  as 
the  flexure  increases ;  because,  in  stone  and  cast  iron  at  least,  the 
resistance  to  compression  is  greater  than  the  resistance  to  extension, 
whilst  the  amount  of  deformation,  under  the  compressive  strain,  is 
less  than  under  an  equal  tensile  strain.  In  wrought  iron,  as  it  pos- 
sesses great  ductility,  this  limit  occurs  much  later  than  in  cast  iron. 
In  timber,  the  resistance  to  extension  is  greater  than  that  to  com- 
pression, and  its  want  of  homogeneity  renders  the  limit  alluded  to 
very  variable. 

The  general  law  of  deflexion  is,  that  it  increases,  casteris  paribuB^ 
directly  as  the  cube  of  the  length  of  the  piece,  and  inversely  as  the 
breadth  and  cube  of  the  depth.* 

E.  Frdcture. — The  theory  of  deflexion,  which  gives  the  displace- 
ments of  the  parts  of  beams  before  the  conditions  even  of  crippling^ 
has  few  practical  applications ;  while  equations  for  the  resistance  to 
fracture,  which  is  what  is  essential  in  practice  to  be  known,  are  more 
simply  established. 

The  hypothesis  for  the  theory  of  resistance  of  materials  to  fracture 
or  rupture,  propounded  by  Galileo,  consists  in  placing  the  horizontal 
axis  of  eq^uilibrium  at  the  lowest  point  of  the  section  of  rupture,  or 
in  supposmg  the  material  incompressible;  and  he  considered  the 
intemal  force  developed  at  each  point  of  the  section  as  constant  for 
everv  point. 

The  hypothesis  commonly  attributed  to  Mariotte  and  Leibnits, 
consists  in  like  manner  in  placing  the  horizontal  axis  of  equilibrium 
at  the  lowest  point  of  the  section,  and  in  supposing  the  internal  force 
developed  at  each  point  proportional  to  the  distance  of  that  point 
from  the  axis  of  equilibrium. 

Tbe  hypothesis  now  generally  adopted,  consists  in  admitting  that 
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form  recUngulmr  section,  fixed  at  one  end  and  loaded  at  the  other, 

i.  IT-/*;. 
nl 

On  Galileo's  hypothesis     .         .        •        .    n »  2 

On  Leibnitz  and  Mariotte's         .         .         .     n  a  3 

On  Young's  hypothesis      .         .  .    n »  6 

The  mean  of  experiments  gives  for  casf  iron    n  »  2.63 

"  "  stone .         .         .    n  -o  8 

"  "    wrought  iron  and  wood    n  »  6  ? 

To  answer  the  imperfection  of  the  theory,  however,  /*  is  snbsti- 

tnted  for  /;  or  for  the  resistance  to  a  direct  tensile  or  compressive 

strain  there  is  substituted  a  co-efficient  of  the  composite  resistance 

to  fracture,  under  a  cross  strain. 

The  most  convenient  general  formula  in  use  for  calculating  the 

resistance  to  fracture  under  a  cross  strain  is  W  a*4 — . 

Ic, 

Where  W^  the  breaking  weight,  J  a  the  moment  of  inertia  of 
the  cross  section  of  the  beam,  round  an  axis  passing  through  its 
centre  of  gravity,  c^the  distance  of  the  neutral  surface,  from  the  side 
at  which  the  matenal  gives  way ;  and  I  the  length.  The  beam  is 
supposed  fixed  in  the  circumstances  above  mentioned. 

For  a  beam  supported  at  each  end,  and  loaded  in  the  middle, 


this  becomes  W  > 


4/' 7 


Z(?i 


,  and  for  beams  of  triangular  section: 


Tr=i^ 


I 


For  a  beam  supported  at  each  end,  if  the  load  be  uniformly  dis- 
tributed  over  it,  we  have  W  a  -^ ,  and  for  beams  of  rectangular 

section,   Tr«^/i— y-. 

If  the  weight  of  the  beam  G  be  taken  into  account,  the  above  for- 

2  f^  I  8  f  *  I 

mulae  become  respectively  W+  J  G^  «  -f — ,  and  W+  0^  e—f — . 

c  <?,  Ic^ 

For  the  forms  of  transverse  section  commonly  met  with  in  prac- 
tice, the  values  of  /  in  terms  of  the  breadth  6,  and  depth  </,  of  the 
beam,  are  as  follows: 


1.  Rectangular  section. 

2.  Ciicular  section. 

3.  /  shaped  and  hollow  rect- 
angular, 6,  and  (/,,  being  the 
breadth  and  depth  of  hollow. 

4.  Hollow  cylinder,  or  annu- 
lar section,  r^  ^  radius  of  hol- 
low. 

•6.  Inverted  X  (Mr.  Hodgkin- 
son's  for  cast  iron).  When  J, 
J|  «f 3  are  the  areoMy  and  (1,(1^0^ 
the  dtpUu  of  the  top  flange,  the 
bottom  6ange  and  the  uniting 
rib  respectively. 


'.id. 
:r. 

■.id. 


c^  depending 
on  the  form 
of  the  beam. 
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The  fononing  table  eontaizui  yaluee  of  /^,  or  modului  of^  rupture, 
being  deductions  from  experiment  by  the  formuk  /^ 
dimensions,  that  is,  2,  6,  and  d,  being  in  inches. 


Name  of  roateriaL 

Stone  Rochdale)  . 

*'     Yorkshire  flag 

"     Caithness  slate 
Beech   . 
Birch    . 
Deal  (Christiania) 

«    Memel  . 
Fir        . 
Larch   . 
Oak,  English 

"   Dantzic 
Cast  iron 

"       Hot  blast  mean 
"       Cold  blast  mean 
"       Stirling's  toughened 
Wrought  iron 


Modulnt  of  raptmro.      Workiiig  load, 
lb*.  Ibe. 


.     2858 

.  1116 
.  5142 
.  9886 
.  9624 
.  9864 
.  10886 
.  6700 
.  6894 
.  10000 
.  8742 
80000  to  46900 
.  86900 
.  89987 
.  46760 
.  54000 


235 

112 

514 
1550 
1600 
1640 
1700 
1100 
1150 
1700 
1500 
5000  to  8000 
6000 
6500 
7800 
9000 


The  folloving  table,  dravn  np  by  Mr.  Hodgkinson,  gives  the  re- 
lation between  the  resistances  to  enuhing,  rupture  by  tennon,  and 
by  eroM  strain. 


Materia]. 


Assiinied  reiulBDee 
10  ctuafaing  per 

(qua  re  ioeli. 


M«an  t«riManoe  i« 

m{>ture  by  extensioo 

per  square  inch. 


Mean  uanaveise 

(treDgib  of  a  bar,  1 

inch  aquBre  and  I  foot 
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which  the  bottom  flange  is  six  times  the  area  of  the  top  flange. 
When,  in  these  girders,  the  lengthy  depths  and  top  flange  are  con- 
stant, and  the  thickness  of  the  vertical  rib  between  the  flanges  small 
and  constant,  the  strength  is  nearly  in  proportion  to  the  area  of  the 
bottom  flange.  Again,  in  beams  of  this  lorm  which  vary  only  in 
depth,  the  strength  is  nearly  as  the  depth. 

Mr.  Hodgkinson  has  hence  deduced  the  following  simple  rule  for 
calculating  the  strength  of  cast  iron  beams  approaehing  the  form  of 

greatest  strength^  viz:  W ^  — — in  which  W  mm  the  breaking 

weight  in  tons ;  a  ■■  the  area  of  bottom  flange  at  centre  of  length  in 
square  inches,  d  ■■  the  depth  of  the  beam  in  inches,  and  /  its  length 
in  feet. 

As  it  18  very  usual  to  express  the  load  a  girder  or  beam  has  to 
bear,  in  terms  of  its  length,  or  W^Xow  I,  (as,  for  example,  the 
girders  of  irailway  bridges  have  to  be  of  dimensions  to  bear  a  strain 
of  2  tons  per  foot  of  their  length,)  Mr.  Hodgkinson's  formula  may 
be  converted  into  the  following  very  simple  one  for  calculating  the 

area  of  the  bottom  flange,  viz :  a  a  __— .  in  which  to  is  the  weight 

per  foot  of  the  girder,  of  the  load  upon  it.     Further,  as  d  is  generally 

a  simple  fraction  of  { «  2:  Z,  we  may  make  the  formula  a  &>  ^^     . 

For  example,  it  is  a  usual  and  generally  convenient  proportion 
to  make  d^m  J^l^  and  hence,  for  railway  girders,  in  which  ti;  »>  2, 

a  =     "^       ,  which  we  may  put  a  &>  —^^ — •    Engineers  now  make 

girders  of  proportions  such  as  to  bear  6  times  the  greatest  load 
likely  to  come  upon  them.  Hence,  as  there  are  generally  4  girders 
to  take  the  load  in  a  railway  bridge,  our  formula  may  be  written 

a  a  Q^JL  for  the  area  of  the  bottom  flange  (at  its  centre)  of  each 
8.662 

girder. 

Open  cast  iron  girders  are  bad  in  principle.  Of  all  systems  of 
framing  girders  or  beams,  the  principle  of  perfect  continuity  of  the 
component  parts,  involved  in  Mr.  Fairbaim*s  patent  malleable  iron 
girders^  is  the  best. 

Without  entering  further  into  an  examination  of  this  subject,  it 
appears  that  the  present  is  a  fitting  place  to  give  a  concise  account 
of  the  so-called  "tubular  bridges,''  now  being  erected  by  Mr. 
Robert  Stephenson  for  crossing  the  Conway,  and  the  Menai  straits 
on  the  line  of  the  Chester  and  Holyhead  railway.  The  problem  of 
passing  both  these  points  with  the  "  Holyhead  road,''  was  solved  by 
Telford  in  1825,  by  the  erection  of  the  well  known  Conway  and 
Menai  suspension-bridges.  Suspension-bridges  have  been  rejected 
as  inapplicable  to  railways,  and  Mr.  Stephenson  has  proposed,  nay, 
has  already  completely  settled  the  practicability  of  carrying  out  the 
girder  system  to  meet  the  case.     A  girder  to  span  462  feet  is  an 
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original  and  bold  conception ;  and  now  that  it  may  be  said  to  have 
been  executed^  an  attempt,  if  only  imperfect,  to  sketch  the  process 
of  engineering  art  in  the  direction  that  has  led  to  this  master-piece, 
cannot  but  be  useful. 

The  circumstances  demanding  or  necessitating  the  erection  of  a 
bridge  of  great  span,  occur  but  seldom,  and  the  double  condition  of 
erecting  the  bridge  without  centering,  still  more  rarely. 

The  deep  and  rapid  rivers  of  Switserland,  seem  first  to  haye  called 
forth  constructive  skill  for  this  purpose.  In  the  year  1767,  Jean 
Ulrich  Grubenmann,  bom  at  Tafien,  in  the  canton  Appeniell,  erected 
the  celebrated  bridge  at  Schafifhausen,  over  the  Rhine,  in  Uen  of  a 
stone  bridge  that  had  been  swept  away  by  the  stream.  In  design- 
ing his  bridge,  Grubenmann  took  advantage  of  a  rock  about  mid- 
way across,  for  the  erection  of  a  pier  to  support  the  ends  of  two 
frames  or  compound  girder%  of  earpentrjfy  the  one  of  17Q  feet,  the 
other  193  feet  clear-bearing,  or  span.  *'  ^'^^'  '  ' 

In  1778,  Grubenmann  and  his  brother  constructed  the  Wettinsen 
bridge  over  the  Limmat,  on  the  same  principle  that  had  guided 
them  so  successfully  to  the  erection  of  that  at  Schafiliausen.    This 
-  bridge  had  a  clear  span  of  390  feet.* 

To  Chretien  von  Michel,  an  engraver  at  Bale,  we  are  indebted 
for  the  preservation  of  a  record  of  die  details  of  construction  of  these 
two  bridges,  vis.:  ^^ Plans,  coupes  et  flevations  des  trois  Fonts  de 
Bois  les  plus  remarquables  de  la  Suisse,  publics  d'aprte  les  dessins 
originaux,  Basle,  1803." 

Soth  these  bridges  were  burnt  by  the  French  in  1799,  the  one 
having  stood  42  years,  the  other  21  years.  Over  the  one,  stones 
weiefaing  25  tons  each  had  passed ;  and  over  the  other  a  division  of 
the  French  army  with  its  artillery,  in  extreme  haste.  ("  Emy,  Traits 
de  la  Charpente.")  The  points  of  construction  in  Wittingen  bridge, 
to  which  we  would  direct  especial  attention,  are : — 

1.  The  continuity  of  the  framing,  especially  in  its  vertical  plane, 
as  perfect  as  the  nature  of  the  materials  allow. 

2.  The  introduction  of  a  roof  as  an  integral  part  of  the  eonatruet- 
ive  strength  of  the  bridge,  and  of  the  disposition  of  the  greater  nuue 
of  the  timber  towards  the  top  and  bottom,  while  the  intermediate 
more  slender  part,  or  rib,  is  stiffened  at  every  15  feet  by  strongly 
framed  uprights  on  the  outside  and  inside.  The  timbers  are  laid 
nearly  horizontally,  accurately  bedded  on,  and  indented  into  each 
other,  and  bolted  together  by  numerous  wrought  iron  through-bolts. 

3.  The  circumstance  that  the  two  side  frames  of  each  were  raised 
readv  framed  into  their  positions.  This  latter  is  an  inference  from 
the  fact,  that  powerful  screw-jacks  placed  on  a  scaffolding,  supported 

*  [The  single  arch  wooden  bridge,  built  by  Lewis  Wem wag,  over  the  river  Schuylkill, 
at  Fairmount,  Philadelphia,  had  a  span  of  340  feet  4  inches,  and  a  rise  of  the  arch  in 
the  centre  of  nearly  19  feet  or  above  j^gth  of  the  chord  line.  This  bridge  had  a  triple 
beam  arch  of  timber  surmounted  by  king-posts  and  truss  braces,  with  longitudinal  ties 
above,  the  whole  being  strengthened  by  iciew-bolti.  See  a  figure  of  it  in  Rees*  Cycle, 
Amer.  Edition,  vol.  34.~Am.  £d  ] 


Fig.  69. 


^cbafamlages  ^tablis  but  pUotn' 
were    used   in    raising   t1 
bridge  at  Scliaffhausen,  and 
that  the  Liromat,  near  the 
convent  of  Wettingen,  is  of  J 
great  depth. 

Fig.  84  is  a  section  of  the  \ 
bridge  of  Wettingen  at  the 
ends^  and  Fig.  85  a  eectioii 
at  the  centre.     They  8uffi-| 
ciently    illustrate  what  wo  i 
have  said  above  in  reference  | 
to  the  principle  of  continuity, 
and  the  disposition  of  the 
roof  and  timber  of  the  framea  I 
generally,  in   reference   to  i 
the  strength  of  the  bridge. 
At  the  period  when  the 
Wettingen  bridge  was  erect- ! 
ed  by  the  Apeuzell  carpen^ 
ter,     the     science    of    the] 
strength    of   materials  had} 
scarcely  begun  to  be  formed* 
Galileo's    theory,    partially ' 
corrected  by  the  hypothesia  j 
of  Ilooke  and  Leibnitz,  and 
by  the  experiments  of  Ms- 
riotte  and  Bnffon,  began  to 
attract  notice ;  but  our  pre* 
sent  knowledge  of  the  me* 
chanisni   of   the  transverse 
strain,    resulting   from    the 
later  experiments  of  Duha- 
mel,  Rondelet  and  Barlow, 
and    the  theoriea    founded , 
upon  them  were  undevelop- 
ed*    Yet  we  find  the  essen* 
tial  elements  of  these  theories 
fully  recognized  in  the  con- 
struction of  the  bridges  erect- 
ed by  the  brothers  Gruben- 
mann.     Art  is  the  mother 
of  Science. 

This  was  the  largest  bridge 
ever  erected  on  Gruben- 
mann*s  principle;  but,  in 
1772,  there  was  exhibited, 
at  the  Hotel  d'Espagne,  rue 
Dauphine,  a  model  of  a 
bridge  designed  by  one  M. 
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^^f 


ins,  far  Lord  Ilervey-  This  waa  the  model  of  a  bridge  900  imt 
apaii,  to  be  thrown  across  the 

Derry,     The  model  was  20  ^'^^^  ^^^ 

feet  long,  or  ,'5  of  the  full 
me*  The  engraviDga  were 
executed  bj  Lerouge,  and 
Fig.  86  is  taken  from  the 
plate.  It  is  a  transverse  aec^ 
tiQD  of  the  bridge  at  about 
J  of  the  span  from  the  abut- 
ment or  pier.  The  scale 
being  about  jl^. 

Grubenmann's  principle  is 
adopted.  The  frames  are 
here  again  nearly  continuous. 
They  consist  of  beams  laid 
nearly  horizontaiy  indented 
into  each  other,  bolted  to- 
gether by  innumerable  long 
wrought  iron  bolts,  forming 
the  side  ribs,  and  these  were 
stiffened  laterally  by  uprights.  The  floor  and  roof  are  so  framed 
with  the  trusses  or  ribs,  as  to  form  one  great  double  b&x^  or  UoUow 
girder,  nearly  every  pound  in  the  weight  of  which  ii  available  towards 
the  absolute  strength  of  the  whole. 

This  bridge  was  never  executed ;  but  we  see  in  it  a  still  more  per- 
fect adoption  of  the  plan  of  making  the  floor  and  roof  a  part  of  the 
framing,  and  also  a  recDgnition  of  the  fact  that  wood  has  double  the 
resistance  to  extension,  that  it  has  to  compresston ;  and,  hence^  the 
timbers  of  the  upper  part  are  arranged  conformably  to  this  fact. 
This  was  clearly  recognized  by  Grubenmann,  but  not  so  perfectly 
worked  out  in  the  construction  of  his  bridges^  as  was  done  by  Claus. 
The  introduction  of  a  roof,  as  an  integral  part  of  the  structure,  is, 
of  course,  limited  to  cases  in  which  the  span  is  such  as  necessitates 
a  depth  of  girder  of  16  to  18  feot  at  least.  The  proportion  of  the 
depth  to  the  length  of  the  bridge  of  Wettingen  is  nearly  i^^.  {For 
further  details  of  the  construction  of  the  model,  see  "  Emy,  TraitS 
dt  la  Charpente,  Vol.  II.  p.  398,  and  plate  134,) 

In  Great  Britain,  the  problem  of  erecting  bridges  of  wide  span  had 
scarcely  ever  been  mooted  till  about  the  beginning  of  this  century, 
when  the  joint  infiuence  of  the  inventions  of  her  Dudleys,  Brindleys, 
Ilargreaves,  Arkwrights,  Smeatons,  Watts,  Corts,  Wyatts,  Mylnes, 
Kennies,  Telfords,  so  rapidly  developed  the  long  latent  industrial 
genius  of  the  country,  that  in  the  short  space  of  half  a  century,  from 
being  as  low  as  any,  she  became  the  first  in  the  scale  of  nations  for 
perfection  in  internal  communication, nnanufacturing  skill,  and  in 
productiveness  of  the  useful  metals,  especially  tVan, 

In  the  yoar  1800,  the  subject  of  replacing  Old  London  Bridge, 
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occupied  the  attention  of  nearly  every  engineer  of  eminence,  and  of 
many  men  of  acknowledged  scientific  attainments.  At  this  period, 
the  success  of  the  Wearmouth  Bridge,  designed  by  Mr.  Wilson,  in 
1798,  and  erected  in  1796|  by  Rowland  Bunfon,  and  of  that  of  Buil- 
wash,  erected  by.  Telford,  1796,  seems  to  have  drawn  the  attention 
of  the  most  distinguished  engineers  to  this  material,  as  that  best 
facilitating  the  execution  of  bridges  of  great  span.  The  wonderful 
progress  of  the  iron  trade  at  this  period,  also,  had  its  influence.  The 
question  of  rebuilding  London  JBridge  was  shelved  at  this  period ; 
but  Messrs.  Telford  and  Douglas  gave  in  designs  for  spanning  the 
Thames  by  a  single  arch  of  600  feet  span,  and  the  practicability  of 
the  deugn  was  supported  by  the  opinions  of  Playfair,  Bobison,  Watt, 
Southern,  and  others.  In  1808—12,  Staines  Bridge  was  erected 
by  Mr.  Wilson,  that  of  Boston  by  Mr.  Bennie,  and  that  at  Bristol 
by  Mr.  Jessop.  Vauzhall  Bridge  was  commenced,  1813,  by  Bennie, 
finished  1818,  by  Mr.  Walker.  The  magnificent  Southwark  Bridge 
was  erected  1814  to  1818,  b^  Messrs.  Bennie,  father  and  son. 

The  pnnoiple  of  construction  adopted  in  all  these,  was  that  of  the 
arch.  The  cast  iron  was  framed  so  as  to  render  the  structure  as 
strictly  analogous  to  that  of  an  arch  of  voussoirs  as  possible.  We 
shall  here  only  notice  that  the  adoption  of  this  principle  involves  a 
prodigious  expenditure  of  cast  iron,  to  insure  the  lateral  stability, 
essential  in  the  voussoir  principle,  beyond  what  is  necessary  for  the 
vertical  strength  required  to  bear  the  load. 

The  use  of  cast  iron  as  the  framing  of  machinery,  floor-girders, 
lock-gates,  swivel-bridges,  &c.  &c.,  became  more  and  more  usual  in 
the  construction  of  works  executed  after  1808,  at  which  period 
Brunei,  by  demonstrating  the  practicability  by  using  cast  iron  as 
the  framing  of  his  block-machinery,  gave  new  confidence  in  adopt- 
ing the  recommendation  of  Smeaton,  on  this  subject,  made  50  years 
earlier. 

In  1817,  BarlowB  Essay  on  the  "Strength  of  Timber,  Iron,  and 
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for  all  ordinary  purposes  to  that  which,  up  to  this  period,  had  been 
chiefly  supplied  by  foreigners. 

It  18  a  ftistinguishing  element  in  the  engineer's  art,  to  adopt  the 
material  best  suited,  economically  speaking,  to  the  work  he  has  to 
accomplish. 

In  1806,  the  price  of  bar  iron,  larger  size,  was  X20  per  ton ;  in 
1816,  it  was  £10  per  ton ;  in  1828,  it  was  £8  per  ton ;  and  in  1881, 
it  was  Xd  to  £6  per  ton. 

Thus  this  material  has  gradually  come  into  the  domain  of  applica- 
tions in  construction,  from  which  its  high  price  had  long  excluded 
the  consideration  of  its  q^ualifitetions.  Roofs  of  great  span  be^n 
to  be  formed  of  combinations  of  cast  and  malleable  iron.  The  ehgi- 
bility  of  the  one  to  resist  strains  of  compression,  and  of  the  other  to 
resist  tensile  strains,  became  &miliar  to  those  engaged  in  practical 
construction. 

In  1825,  a  new  engineering  era  had  arisen.  As  the  genius  of 
Brindley,  under  the  mighty  influence  of  the  policy  of  a  Chatham, 
had  created  the  inland  navigation  of  England,  the  genius  of  a  Ste- 
phenson, under  the  influence  of  the  policy  of  a  Huskisson,  created 
the  railway  system.  Steam  navigation  advanced  from  mere  essays 
to  a  system  of  vast  importance.  The  demands  of  the  ship  builder, 
the  locomotive  maker,  the  railway  engineer,  gave  rise  to  new  exertions 
of  the  iron  masters.  Blooms  were  puddled,  of  sises  hitherto  deemed 
impracticable.  It  became  usual  to  have  bars  rolled,  and  pieces  forged 
of  siies  exceeding  those  which,  within  a  few  years,  had  been  deemed 
wonderful  or  isolated  examples.  In  this  respect,  the  complacent 
dictum  of  a  celebrated  engineer,  that  ^^no  difficulty  can  arise  in 
engineering  or  mechanical  art,  that  is  not  certain  to  be  overcome," 
has  been  fuly  borne  out. 

In  the  construction  of  the  London  and  Birmingham  Railway,  the 
Great  Western  Railway,  the  Midland  Counties  Ilailway,  and  others, 
the  engineers  made  ample  use  of  cast  iron,  and  examples  of  girders 
of  50,  60,  even  70  feet  in  length  are  to  be  found  on  these  lines  of 
railway.  The  scientific  principles  of  constfuction  of  such  girders 
were  not  at  once  recognized  or  learned,  and  we  consequenfly  find 
excess  of  iron  in  most  instances,  and  mistaken  construction  in  others. 
There  was  no  time  for  gathering  exact  knowledge,  though  extant. 
A  limited  experience  of  successfd  cases  led  to  endless  repetitions  of 
girders  of  not  very  happy  proportions,  and  ^Hrussed'*  in  the  wrong 
direction.  The  outcry  made  in  England  on  the  subject  of  hot  blast 
iron  being  so  inferior  in  quality,  so  treacherous,  &c.  Ac,  the  conse- 
quent high  price  demanded  for  castings  of  what  was  termed  good 
iron,  had  considerable  influence  in  limiting  the  applications  of  iron 
in  railway  bridges.  Stone  and  brick  were  preferred  for  the  few 
bridges  of  great  span  erected.  •  Suspension  bridges  were  tried  and 
failed.  Of  the  wooden  bridges  erected,  that  over  the  Tyne  at  Scots- 
wood,  by  Mr.  Blackmore,  deserves  mention  as  involving  the  best 
principles  of  construction.  The  path  so  well  opened  up  by  Gruben- 
mann  had  long  been  lost.     The  system  of  the  Bavarian  engineer. 
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WiebeckiDg,  and  applied  by  him  successfully  to  the  bridge  at  Bam* 
bery,  215  feet  span,  and  others,  were  extensively  made  known  by 
his  published  writings,  whilst  the  better  principle  of  Grubenmann 
was  overlooked.  The  essential  part  of  Wiebeckmg's  system  consists 
in  putting  the  main  Btrength  of  the  frame  in  arches  of  curved  timbers 
trenailed  together,  on  to  which  the  rest  of  the  timbers  of  each  truss 
is  framed,  stispending  the  horizontal  tieSj  from  which  the  road-way 
is  supported.  Wicbeckin^s  system,  with  certain  modifications,  was 
adopted  in  France  by  M.  Emmery,  about  1830,  and  by  the  Messrs. 
Green,  of  Newcastle,  about  1840.  In  imitation  of  Wiebecking's  plan, 
too,  the  bow  and  string  fashion  of  open  cast  iron  girders  was  adopt- 
ed, small  as  is  the  analogy  between  wood  and  iron.  Beginning  with 
the  bridge  over  the  Regent's  Canal  at  Camden  Town,  this  fashion 
of  girder  has  been  many  times  repeated,  on  various  scales;  and  is  in 
execution  even  at  the  present  moment,  for  spans  of  120  feet,  in  the 
high  level  bridge  at  Newcastle-upon-Tyne. 

In  the  mean  time,  in  America,  Town's  lattice  firame  bridges,  and 
Long's  diagonal  frame  bridges,  had  been  invented,  and  railway 
bridges  of  150  to  180  feet  clean  span,  had  been  executed  accord- 
ing to  each  system.  In  the  largest  application  of  Long's  system, 
the  depth  of  the  frame  is  about  ^0  feet,  and  the  sides  ana  floor,  and 
roof  are  connected  together,  so  as  to  form  one  box-like  girder.  The 
diagonal  framing,  even  when  carried  out  in  the  form  of  lattice  work, 
makes  but  an  imperfect  continuity  in  the  framing,  or  ribs  connecting 
together  the  top  and  bottom  rails  or  flanges ;  but  this  is  theprineiph 
aimed  at,  and  the  bridges  are  to  be  considered  as  very  successful 
engineering.  They  have  been  adopted  in  England,  in  a  few  cases, 
the  largest  being  that  of  an  occupation  bridge  on  the  Birmingham 
and  Gloucester  railway ;  but  wooden  structures  are  avoided  in  that 
country,  on  account  of  the  extreme  variations  in  the  hygromatric 
state  of  the  atmosphere. 

Of  the  many  lattice  bridges  erected  in  America,  the  most  interest- 
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the  mftterials,  has,  unimpaired,  withstood  lateral  strains  under  which 
a  vessel,  on  almost  any  other  construction,  must  have  broken  up. 

Such  was  the  state  of  preparation  of  engineers'  minds  for  sohring 
the  problem  of  carrrinff  a  railway  across  the  Menai  straits  by  girders, 
when,  early  in  1845,  Mr.  Stephenson's  '^  aerial  tunnel"  was  spoken 
of.  On  the  5th  of  May,  1845,  he  announced  his  plan  before  a  com- 
mittee of  the  House  of  Commons. 

Few  inventors  can  explain  the  development  in  their  minds  of  an 
original  conception.  Invention  in  art  consists  of  two  distinct  intel- 
lectual efforts — first,  in  seizing  the  ideal  conception  of  the  object  to 
be  made  for  a  given  end ;  and  second,  in  the  contrivance  of  the  suit- 
able arrangement  of  materials  (or  of  mechanism,  in  the  case  of  a 
machine)  for  that  object.  The  nature  of  the  first  conception  seems 
always  to  depend  on  the  existing  state  of  analogous  objects,  and, 
hence,  the  two  parts  of  the  process  are  generally  intimately  con- 
nected, though  not  inseparable.  In  Mr.  Stephenson's  case,  the  two 
processes  seem  to  have  been  separated.  For  as  early  as  April,  1845, 
Mr.  Eaton  Hodgkinson  and  Mr.  Fairbaim  seem  to  have  been  con- 
sulted as  to  experiments  on  the  strength  of  cylindrical  tubes  of 
riveted  sheets  of  iron,  and  as  to  the  necessity  of  a  combination  of 
the  girder  plan  with  suspension  chains,  for  his  great  bridges.  We 
learn  from  a  communication  of  Mr.  Hodgkinson's  to  the  Mechanical 
Section  of  the  meeting  of  the  British  Association,  held  at  Southamp- 
ton, in  1846,  '^  that  a  number  of  experiments  were  made  upon  cj/lin* 
drical  and  elliptical  tubes,  and  a  few  upon  rectangular  ones ;"  but, 
inasmuch  as  a  girder  has  to  resist  in  its  vertical  direction  much  more 
than  in  its  horizontal,  the  oblong  rectangular  form  should  have 
immediately  suggested  itself  as  the  best ;  and,  therefore,  these  first 
experiments  were  works  of  supererogation. 

Mr.  Hodgkinson's  experiments  were,  therefore,  at  once  directed  to 
ascertaining  what  should  be  the  distribution  of  the  metal  in  hollow 
rectangular  girders,  to  secure  a  maximum  of  strength  with  a  minimum 
of  weight.  Mr.  Hodgkinson,  whose  investigations,  published  in  1840, 
had  proved  experimentally  that  hollow  columns  have  a  greater  re- 
sistance to  compression  than  the  same  weight  of  material  in  a  solid 
column  (as  the  usual  theory  had  indicated,  and  the  practice  of 
Wiebecking  and  Gauthey  thirty  years  earlier,  and  of  Polonceau,  in 
1889,  had  testified),  now  made  further  experiments  to  ascertain  the 
relative  resistance  of  circular  and  rectangular  tubes,  with  the  object 
of  disposing  of  the  malleable  iron,  of  which  the  girders  were  to  be 
made  in  this  hollow  form,  on  the  upper  side,  t.  e.,  the  part  com- 
preMed  by  the  strain. 

As  might  have  been  anticipated,  the  '^  buckling''  of  the  plates  on 
the  top  had  to  be  prevented  by  particular  contrivances,  or  by  greatly 
increasing  their  substance  beyond  that  of  the  bottom  or  extended 
side. 

The  following  are  some  of  the  leading  results  of  Mr.  Hodgkinson's 
experiments. 

Experiments  on  two  similar  tubes. 

b* 
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Length 

of 
tobe. 

Weight 

of 
tube. 

Distance 
between 
supports. 

Depth 

of 
tube. 

Breadth 

of 

tube, 

Thickness  of 

metal  in  Idths 

of  an  inch. 

Breaking 

weight  in 

tons. 

Ultimate 
deflexion. 

si'-a" 

cwt.  qu. 
20—3 

feet 
2 

1'— 4" 

Top  Bottom  Side 
6        4        2 

26,1 

Inches 
2} 

47—0 

61—1 

45 

3 

2'— 0 

0        6         3 

65,5 

3* 

This  breaking  weight  in  tons  is  in  excess  of  the  results  deduced 
from  the  usual  formula,  when  the  Talue  of  /  (the  moment  of  inertia), 
is  calculated  by  our  formula  5  (page  79),  when/*  is  taken  -■  56000. 
To  ascertain  the  power  of  such  tubes  to  resist  a  lateral  strain — as 
from  the  action  of  wind — the  smaller  of  these  two  tubes,  after  being 
well  repaired,  was  laid  on  its  side  and  broken.  The  mean  of  two 
experiments  gave  15,2  tons  as  breaking  weight,  which  is  about  25 
per  cent,  abore  the  result  of  calculation  by  our  formulas,  when  the 
value  of  y*  is  taken  as  indicated.  Experiments  on  the  strength  of 
sheet  iron,  however,  give  the  tensile  resistance  as  high  as  62000 
lbs.  per  square  inch,  and  if  we  introduce  this  as  the  value  of  /',  the 
experimental  results  would  almost  exactly  correspond  with  the  re- 
ceived theory. 

Mr.  Hodgkinson's  experiments  on  the  resistance  of  sheet  iron  tubes 
to  compression,  show  (as  his  experiments  on  cast  iron  columns  made 
in  1839,  had  previously  done,  and  as  Euler's  theory  indicates),  that 
rectangular  tubes  are  weaker  than  square  ones,  and  both  of  these 
much  weaker  than  cylindrical  tubes ;  so  much  so,  indeed,  th(tt  the 
substitution  of  cylindrical  for  square  or  rectangular  tubes^  wouldy 
according  to  Mr.  Hodgkinson's  experiments,  effect  a  saving  of  one- 
fourth  of  the  metal  in  the  top. 

Mr.  Fairbairn,  at  the  same  meeting  of  the  British  Association, 
September,  1846,  made  the  following  communication  of  ^^  Experi- 
metitB  on  the  Tubular  Bridge,  proposed  by  Mr.  IL  Stephenson^  for 
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Fig.  87. 


Mr.  Fairbairn  thought  that  thiB  is  the  strongeat  form  that  could  he 
derised ;  but  practical  difficulties  present  themselves  in  its  canst  ruc- 
tion^ as  an  easy  access  to  the  diiferent  parts  for  the  purposes  of 
painting,  repairs,  &c*,  la  absolutely  necessary.  The  scale  of  the 
model  tube  was  exactly  one- sixth  of  the  lengthy  breadth,  depth,  and 
thickness  of  metal  of  the  bridge  intended  to  cross  one  span  of  the 
straitSj450  feet,  (since  increas^  to  462  feet.)  In  each  of  the  expe- 
riments^ the  weights  were  laid  on  at  the  centre,  about  one  ton  at  a 
timet  and  the  deflection  was  carefully  taken  as  well  as  the  defects  of 
elasticity  after  the  load  was  removed. 

**The  rectangular  model  tube^  Fig*  87,  was  80  feet  long,  4'— 6" 
deep,  2' — 8"  wide,  75  feet  between  the 
supports.  The  thickness  of  the  plate: 
bottom  ,156  inch,  sides  ,099  inch,  top 
,147  inch,  sectional  area  of  bottom  8,8 
inches,  weight  of  the  tube  4,86  tons  « 
10,889  lbs.  First  experiment,  breaking 
weight  79^578  lbs  =35^  tons/  Ultimate 
deflexion  4^375  inches,  permanent  set  un- 
der strain  of  67,842  lbs<  .792  inch.  With 
the  strain  of  35 J  tons,  the  bottom  was  torn 
isunder,  directly  across  the  solid  plates, 
at  a  distance  of  2  feet  from  the  centre  of 
the  shackle,  from  which  the  l^ad  was  sus- 
pended. One  of  the  principal  objects  of 
this  inquiry  was  to  determine  the  ratio 
between  the  top  and  bottom  of  the  tube* 
From  the  experiments  immediately  preceding  this,  it  appeared  that 
the  ratio  of  the  area  of  the  top  to  that  of  the  bottom,  in  a  reetangu- 
lar  tube  (of  thin  sheet  iron),  should  be  as  5  to  S. 

*'The  plates  forming  the  top  of  the  model  tube  were  somewhat 
thicker  than  intended,  and  consequently  gave  (as  former  experiments 
indicated)  a  preponderating  resistance  to  that  part.  To  obviate  this 
disparity,  two  additional  strips,  6i  by  ^\^  weighing  about  4  cwt, 
were  riveted  along  the  bottom,  extending  20  feet  on  each  side  the 
^centre.  This  raised  the  area  of  the  bottom  to  nearly  13  inchest, 
being  about  the  ratio  of  5  to  3,  or  23,5  to  13.  With  these  propor- 
tions, and  having  repaired  the  fractured  part  by  introducing  new 
plates,  the  experiments  proceeded  as  before. 

"Second  experiment.     Breaking  weight  97.102  lbs.  =  43,3  tons, 
'iUltimate  deflexion  4,11  inches.     In  this  experiment  the  tube  failed 

¥f  one  of  the  ends  giving  way^  which  cauned  the  sides  to  collapse^ 
be  weak  point  in  this  girder  was  endcntly  a  want  of  stiffness  in 
the  sides.  To  remedy  this  evil  and  keep  them  in  form,  vertical  ribs, 
composed  of  light  angle  iron^  were  riveted  along  the  interior  of  each 
side  at  distances  of  2  feet;  and,  having  again  restored  the  injured 
partSt  the  tube  was  a  third  time  subjected  to  the  usual  tests. 

''Third  experiment.     Breaking  weight  126,138  lbs.  =56,3  tons, 
ultimate  deflexion  5,68  inches.     The  tube  was  torn  asunder  through 
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the  bottom  plates.  The  cellular  top  gave  evident  symptoms  of  yield- 
ing to  a  crushing  force  bj  the  puckerings  of  each  ude^  which  gra* 
dually  enlarged  as  the  deflection  increased.  These  appearances 
became  more  apparent  as  the  joints  of  the  plates  on  the  top  side  had 
sheared  off  a  numher  of  the  rimt$^  and  the  holes  had  slid  over  each 
other  to  an  extent  of  nearly  A  of  an  inch." 

On  Mr.  Fairbairn^s  most  admirablj  stated  faets^  we  shall  only 
remark,  that  a  cellular  bottom  would  probably  be  found  to  be  the 
weakeMt  and  not  the  strongest  form  in  which  the  iron  could  be  dis- 
tributed there ;  for  there  is  no  tendency  to  biickle  io  the  bottom ;  and 
to  resist  the  transverse  strain  of  passing  loads  (in  the  actual  bridge), 
the  separation  of  the  plates  composing  the  bottom,  should  only  be 
such  as  to  allow  of  the  introduction  of  coTinecting  plates  or  joists  to 
stiffen  it,  so  us  to  make  the  bottom  a  roadway.  Again,  the  ratio  of 
the  areas  of  the  top  and  bottom  above  deduced,  is  evidently  not  an 
afmolute  quantity,  but  refers  only  to  the  particular  form  of  cells 
adopted  in  these  experiments.  Theory  and  experiment  indicate  this 
to  be  the  true  view  of  the  case. 

These  experimeDts  were  used  in  determining  the  dimensions  of  the 

bridges  already  erected. 
Fig,  88,  and  now  in  construction. 

In  reference  to  the  Con- 
way Bridge,  the  first 
tube  of  which  was  erect- 
ed in  March,  1848,  the 
following  particulars  are 
taken  from  the  Civil  En- 

Sineers'  and  Architects' 
ournal,  for  June,  of  this 
year. 

**Fig,  88  exhibits  a 
transverse  section  of  one 
of  the  tubes.  Fig.  89  is 
a  side  elevation,  of  12 
feet  in  length,  of  the  tube, 
resting  on  the  masonry. 
The  tube  consists  of  sides 
a,  fl»  of  wrought  iron 
plates,  from  4  to  8  feet 
long,  and  2  feet  wide,  by 
J  inch  thick  in  the  cen- 
tre, and  gths  of  an  inch 
thick  towards  the  end 
of  the  tube,  ri%etcd  to- 
gether to  T-angle-iron 
ribs,  placed  on  both  sides 
of  the  joints,  and  angle^ 
gussets  at  the  feet  of  the  ribs  to  stiff^en  them;  a  ceiling  (or  top 
flange),  composed  of  8  cells  or  tubes  b,  each  20  i  inches  wide,  and 
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21  inches  high;  and  a  floor  containing  6  cells  or  tubes  c,  27 J  inches 
wide,  and  21  inches  high.  The  whole  length  of  the  tube  h  412  feet ; 
it  is  22  feet  8^  inches  high 

III  the  ends,  and  25  feet  6  Fig,  89. 

inches  high  in  the  centre, 
(including  the  tubes  at  tap 
and  bottom,  running  the 
whole  length,)  and  14  feet 
wide  to  the  outside  of  the 
side  plates.  The  upper  cells 
are  formed  of  wrought  iron 
plates^  J  inch  thick  in  the 
middle,  and  |  inch  thick 
towards  the  ends  of  the 
tube,  put  together  ifv^th  an- 
gle-iron in  each  angle  of  the 
cells;  and  over  the  upper 
joints  is  riveted  a  slip  of  i 
inch  iron,  4|  inches  wide. 
The  lower  cells  consist  of 
{  inch  iron  plates  for  the 
divisions,  and  the  top  and 
bottom  of  two  thicknesses 
of  plate,  each  12  feet  long, 
2  feet  4  inches  broad,  and 
I  inch  thick  in  the  centre, 
and  J  inch  thick  at  the  endsj 
and  so  arranged  as  to  break 

the  joint;  and  a  covering  plate  of  J  inch  iron,  8  feet  long,  is  pl»eed 
orer  ev^rj  joint  on  the  underside  of  the  tube-  The  external  casing 
is  united  to  the  lop  and  bottom  cells  by  angle-iron,  on  both  the 
inside  and  outside  of  the  tube.  The  ends  of  the  tube,  where  it  rests 
on  the  masonry,  are  strengthened  by  cast  iron  frames  rf,  to  the 
extent  of  8  feet  of  the  lower  cells.  The  tube  was  constructed  on  a 
platform  erected  on  the  shore  of  the  river,  close  to  where  it  was  to 
cross;  and,  when  finished,  six  pontoons  were  placed  under  the  tube 
at  low  water,  and  at  high  water  they  lifted  the  tube  off  the  piles 
upon  which  the  stage  was  erected.  It  was  then  floated  to  its  desti- 
nation, and  placed  between  the  two  towers,  part  of  the  masonry  being 
left  undone  until  the  tube  was  put  into  its  proper  position,  and  as  it 
was  raised  by  means  of  hydraulic  lifting  presses,  the  masonry  was 
built  up  under  the  tube.  In  order  to  allow  of  the  free  expansion 
and  contraction  of  the  tube,  the  ends  rest  on  24  pairs  of  iron  rollers 
t,  connected  together  by  a  wTought  iron  frame,  and  placed  between 
two  cast  iron  plates  j\  Jt,  12  feet  long  by  6  feet  wide,  and  4  inches 
thick*  The  lower  plate  is  laid  on  a  flooring  of  3  inch  planks  ?,  bedded 
on  ^e  stone-work.  Fig,  88,  A,  A,  are  uprights,  into  which  are  fitted 
the  cross-lifting  girders  for  attaching  the  chains  of  the  hydrautio 
presses/' 
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The  weight  of  each  tube  of  the  Conway  Bridge  has  been  stated 
to  be  1800  tons,  but  whether  this  is  the  weight  includine  the  fixtures 
for  the  rails,  or  of  the  tube  per  se^  is  not  recorded  in  me  papers  to 
which  we  have  had  access.  The  total  length  being  420  feet,  the 
weight  may  be  stated  as  not  less  that  62  cwt.  or  8,1  tons  per  ^'  foot 
running."  It  is  difficult  to  conceive  anything  more  admirable  than 
this  final  result,  when  we  learn  that,  under  the  passage  of  the  heaviest 
goods-trains,  there  is  no  sensible  motion,  by  deflection,  amonff  the 
parts  of  the  tube-girders.  No  method  of  construction,  hitnerto 
adopted  for  large  spans,  could  have  accomplished  this  absolute  secu- 
rity with  so  small  a  weight  of  materials. 

In  what  precedes,  we  have  endeavored  to  trace  the  progress 
of  a  particular  part  of  the  engineer's  art,  with  a  view  to  encourage 
^oung  engineers  to  look  upon  their  art  as  capable  of  being  formed 
into  a  science;  and  we  yet  venture  to  add,  in  reference  to  what  we 
have  said  as  to  the  separate  intellectual  efforts  involved  in  Mr.  Ste- 
phenson's invention — ^that  the  adoption  of  the  results  of  the  above- 
mentioned  experiments,  the  execution  of  the  designs  ultimately 
determined  upon,  and  the  erection  of  the  tubes,  are  details  requiring 
the  h^hest  order  of  skill  and  practice  in  the  execution  of  works ; 
but,  t£s  "  keying  hold  of  the  original  Oea^'  until  brought  to  the 
form  of  ascertainmg,  experimentally,  the  best  shape  or  arrangement 
of  the  materials,  is  certamly  the  essence  of  invention — marks  out  the 
Eng^neer-in-chief 's  work  unmistakably — is  the  element  in  the  grand 
'result  that  commands  the  homage  paid  to  engineering  genius,  by  the 
less  ^ted  of  the  profession,  and  secures  to  itself,  envy  or  jealousy 
notwithstanding,  the  due  meed  of  fame  and  public  applause.  The 
co-operation  of  Mr.  Hodgkinson,  Mr.  Fairbaim,  ana  Mr.  Clark, 
has  doubtless  been  of  very  great  service  to  Mr.  Stephenson,  and 
the  Holyhead  Railway  Company,  in  working  out  the  details  of  a 
design,  in  proposing  which,  however,  they  had  no  share;  but  it 
seems  impossible  to  associate  the  names  of  others  with  that  of  Ste- 
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Although  the  principle  of  Mr.  Fairbairn's  patent  is  perfect,  the 
limits  of  its  economical  application,  is,  as  far  as  we  can  judge,  to 
cases  of  great  span,  and  wnere  extreme  strains  are  likely  to  be  sud- 
denly brought  upon  the  structure. 

The  system  successfully  applied  by  Wiebecking,  for  wooden 
bridges,  and  in  cast  iron,  by  Keichenbach  and  Gauthey,  and,  lat- 
terly, to  a  certain  extent,  by  Polonceau,  in  the  beautiful  Pont  du 
Carrousel,  over  the  Seine,  has  recently  been  revived  in  malleable 
iron.  On  the  extension  of  the  London  and  Blackwall  Railway,  and 
elsewhere,  Mr.  Locke  has  introduced  a  hollow  sheet  iron  archj  with 
suspended  tie  and  diagonal  bracings,  to  carry  the  roadway.  We 
object  to  this  form  of  bridge,  as  being  a  retrogression  in  the  principk 
of  construction,  and  consequently  offering  no  economical  advantage, 
but  the  contrary.* 

[STRSNQTH  OF  CYLINDRICAL  STEAM  BOILERS,  TUBES,  AND  FIRE-ARMS. 

It  has  been  generally  supposed  that  the  rolling  of  hoUer-plate  iron, 

S'ves  to  the  sheets  a  greater  tenacity  in  the  direction  of  the  length, 
an  in  that  of  the  breadth.  Supposing  this  to  be  correct,  it  has 
frequently  been  asked  how  the  sheets  ouffht  to  be  disposed  in  a 
cylmdrical  boiler  of  the  common  form,  in  order  to  oppose  the  greatest 
strength  to  the  greatest  strain.  It  has  also  been  asked  whetner  the 
same  arrangement  will  be  required  for  all  diameters,  or  whether  a 
magnitude  will  not  be  eventually  attained,  which  may  require  the 
dir^ion  of  the  sheets  to  be  reversed? 

To  determine  these  questions  in  a  general  manner  recourse  must 
be  had  to  mathematical  formulas,  assuming  such  symbols  for  each 
of  the  elements  as  may  apply  to  any  given  case  of  which  the  sepa- 
rate data  are  determined  either  by  experiment  or  by  the  conditions 
of  the  case.   The  principles  of  the  calculation  require  our  first  notice. 

1.  To  know  the  force  which  tends  to  burst  a  cylindrical  vessel  in 
the  longitudinal  direction,  or,  ifL  other  words,  to  separate  the  head 
from  the  curved  ridesj  we  have  only  to  consider  the  actual  area  of 
the  head,  and  to  multiply  the  number  of  units  of  surface  by  the 
Dumber  of  units  of  force  applied  to  each  superficial  unit.  This  will 
give  the  total  divellent  force  in  that  direction. 

To  counteract  this,  we  have,  or  may  be  conceived  to  have,  the 
tenacity  of  as  many  longitudinal  bars  as  there  are  lineal  units  in  the 
circumference  of  the  cylinder.  The  united  strength  of  these  bars 
constitutes  the  total  retaining  or  quiescent  iorae'j  and,  at  the  moment 
when  rupture  is  about  to  take  place,  the  divellent  and  the  quiescent 
forces  must  obviously  be  equal. 

2.  To  ascertain  the  amount  of  force  which  tends  to  rupture  the 

*  or  all  the  designs  for  iron  bridges  hitherto  planned  and  executed — when  we  con- 
sider the  situation,  the  extent,  the  elevation  above  the  water,  and  the  scenery  by  which 
it  is  surrounded-^the  most  imposing  is  that  of  the  wire  bridge  over  Niagara  river,  a  short 
distance  below  the  Falls.  This  bridge  is  still  in  progress.  It  was  planned  and  executed 
by  Mr.  Charles  EUet,  Jr.— Ax.  Ed. 
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cylinder  along  the  carved  side,  or  rather  alone  two  opporite  sides, 
we  may  regard  the  pressure  as  applied  tbrondi  the  wnole  breadth 
of  the  cylinder  upon  each  lineal  unit  of  the  diameter.  Hence  the 
total  amount  of  force  which  would  tend  to  divide  the  cylinder  in 
halves  by  separating  it  along  two  lines,  on  opposite  sides,  would  be 
represented  by  multiplying  the  diameter  by  the  force  exerted  on 
each  unit  of  surface,  and  this  product  by  the  length  of  the  cylinder. 
But  even  without  regarding  tne  length,  we  may  consider  the  force 
requisite  to  rupture  a  single  band  in  the  direction  now  supposed, 
and  of  one  lineal  unit  in  breadth;  since  it  obviously  makes  no  differ* 
ence  whether  the  cylinder  be  long  or  short  in  respect  to  the  ease  or 
difficulty  of  separating  the  sides*  The  divellent  force  in  this  direc* 
tion  is,  therefore,  truly  represented  by  the  diameter  multiplied  by 
the  pressure  per  unit  of  surface.  The  retaining,  or  quiescent  force, 
in  the  same  direction,  is  only  the  strength  or  tenacity  of  the  two 
opposite  sides  of  the  supposed  band.  Here,  also,  at  the  moment 
when  a  rupture  is  about  to  occur,  the  divellent  must  exactly  equal 
the  quiescent  force. 

8.  In  order  to  estimate  the  augmentation  of  divellent  force  conse- 
quent upon  an  increase  of  diameter,  we  have  only  to  consider,  that, 
as  the  diameter  is  increased,  the  product  of  the  diameter^  and  the 
force  per  unit  of  surface^  is  increased  in  the  same  ratio.  But  unless 
the  thickness  of  the  metal  be  increased,  the  quiescent  force  must 
remain  unaltered.  The  quiescent  forces,  therefore,  continue  the 
same — the  divellent  increase  with  the  diameter. 

4.  Again,  as  the  diameter  of  the  cvlinder  is  increased,  the  area 
of  its  en<}  is  increased  in  the  ratio  of  the  sauare  of  the  diameter. 
The  divellent  force  is,  therefore,  augmented  in  this  ratio.  But  the 
retaining  force  does  not,  as  in  the  other  direction,  remain  the  same, 
since  the  circumference  of  a  circle  increases  in  the  same  ratio  as  the 
diameter.  The  quiescent  force  will,  consequently,  be  augmented  in 
the  Bimple  ratio  of  the  diameter,  without  any  additional  thickness 
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toree/f  will  be  required  in  the  lineal  unit  of  the  circomference,  in 
order  to  hold  on  the  head. 

Then  will  the  whole  quieieent  force  be  8.1416  x  T,  while  tixe  divel- 
Zene  will  be  .7854  xy;  consequently,  .78542*/—  8.14162:^  above 
stated. 

Dividing  by  .7854  a?,  we  have  xf^^iT;  and  we  derive  immedi- 
ately— 

4T 

/-^ 

4 
That  is,  the  tenacity  of  the  longitudinal  bar  of  the  (i$9umed  unit  in 
fffidthy  will  be  one-fourth  of  the  product  of  the  diameter  into  the  pree- 
eurey  measuring  the  tenacity  by  the  same  standard  as  the  pressure, 
whether  in  pounds  or  kilogranys. 

8.  Now  assuming  the  tenacity  required  in  the  circular  band  of  the 
same  width  to  be  t,  we  shall,  agreeably  to  what  has  already  been 
said,  have  the  divellant  force  expressed  by  xf,  and  the  quiescent  by 

%  so  that  xfmm  2^  and  f  .  C.    Also/»  —;mdxmm%. 

2  ^       x  f 

Having  thus  obtained  two  expressions  for  each  of  the  quantities  x 

and  yi  we  may,  by  comparing  them,  readily  discover  the  relative 

values  of  T  and  t, — thus : 

4T^ 

,  hence  2±.^fL  whence  4T  —  2t,  or  t  —  2T.   From  which 

/J 

it  follows,  that  under  a  knoum  diameter^  and  with  a  given  force  or 
frtuurCj  the  tenacity  of  metal  in  a  cylindrical  boiler  of  uniform  thick-' 
nesSf  ought  to  be  twice  as  great  in  the  direction  of  the  curve  as  in  that 
of  the  length  of  the  cylinder^  and  that  if  this  could  be  the  case  the 
boiler  would  still  have  equal  safety  in  both  directions. 

In  whatever  direction,  therefore,  the  rolling  of  metal  fives  the 
greatest  tenacity,  in  the  same  direction  must  the  sheet  always  be 
bent  in  forming  the  convexity  of  the  cylinder.  It  follows  that  if 
we  suppose  the  tenacity  precisely  equal  in  both  directions,  the  lia- 
bility to  rupture  by  a  mere  internal  pressure  ought  to  be  twice  as 
?^eat  along  the  longitudinal  direction  as  at  the  Juncture  of  the  head. 
his  supposes  the  strain  regular,  and  the  riveting  not  to  weaken 
the  sheet. 

9.  To  know  how  large  we  may  safely  make  a  cylindrical  boiler, 
having  the  absolute  tenacity  of  the  metal,  in  the  strongest  direction^ 
and  with  a  known  thickness,  we  have  only  to  revert  to  the  formula 

iT  OB  -r; .     That  is,  the  diameter  will  be  found  by  dividing  twice  the 
VOL.  n. — 9 


/ 
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tenacity  by  the  greatest  force  per  unit  of  surface^  which  the  boiler  is 
ever  to  sustain, 

10.  When  knowing  the  absolute  tenacity  of  a  metal,  or  other 
material  reckoned  in  weight,  to  the  bar  of  a  ffiven  area  in  its  cross 
section,  we  would  determine  the  thickness  of  that  metal  which  ought 
to  be  employed  in  a  boiler  of  given  diameter,  and  to  sustain  a  certain 

force,  we  may  use  the  formula  t  mm  ■^,  and  dividing  the  latter  num- 

ber  of  this  equation  by  the  strength  of  the  square  bar,  which  we  may 

call  Sy  we  obtain  the  thickness  demanded  in  the  direction  of  the  curve, 

xf 
which  we  may  denominate  p ;  so  that  p  ^  ^;  this  will  give  the 

^s 

thickness  of  the  boiler  plate  either  in  whole  numbers  or  decimals. 

Thus,  suppose  the  diameter  of  a  cvlindrical  boiler  is  to  be  thirty-six 

inches — that  it  is  to  be  formed  of  iron  which  will  bear  55,000  lbs.  to 

the  square  inch,  and  is  to  sustain  750  lbs.  to  the  square  inch — what 

ought  to  be  the  thickness  of  the  metal  ? 

Here  x  ^  S6 
/-750 

2s  OB  110000,  consequently, 

36  X  750 
p  V    ^^^^^^    V  .2454,  or  a  little  less  than  one-quarter  of  an 
^        110000  '  ^ 

inch. 

It  must,  however,  be  evident  that  the  minimum  tenacity  of  any 
particular  description  of  metal,  is  that  on  which  all  the  calculations 
ought  to  be  made  when  there  is  any  probability  that  the  actual  pres- 
sure will,  in  practice,  ever  reach  the  limit  assigned  as  the  value  o{/ 
in  the  calculation. 

If  we  had  plates  of  different  metals,  or  of  different  known  degrees 
of  tenacity  in  the  same  kind  of  metal,  and  were  desirous  of  ascer- 
taining how  strong  a  kind  we  mu&t  employ  under  a  limited  tkiekness^ 
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DIVISION    II. 


APPUCATION  OF  MECHANICS  TO  MACHINERY. 


INTRODUCTION. 

I  88.  Machines. — Machines  are  artificial  arrangements,  by  which 
forces  are  applied  to  produce  mechanical  effect.  TooU  or  imtru- 
menu  differ  from  machmes  chiefly  in  their  being  applied  immediatelif 
to  the  work  to  be  done,  whilst  machines  are  intermediate. 

In  every  machine  we  have  to  distinffuish  between  the  power  and 
the  reeietance.  Power  is  the  cause  or  the  motion  of  the  machine, 
and  remittance  is  that  which  opposes  the  motion,  and  which  it  is  the 
object  of  the  machine  to  overcome.  The  powers  applied  to  machines 
are  modifications  of  those  supplied  by  nature  in  the  expansive  force 
of  heat,  the  action  of  gravity,  the  physical  force  of  men  and  animals, 
&c.  (Vol.  I.  §  60).  The  resistances  to  be  overcome  are  the  transpartj 
and  the  change  of  form  and  texture  of  materials. 

There  are  in  every  machine  three  principal  parts.  One  which 
receives  the  power,  a  second  transmitting,  communicating,  or  modify- 
ing the  power,  and  a  third  applying  it.  In  the  common  flour  mill, 
considered  as  a  machine,  a  water  wheel  receives  the  power  of  a  water 
faU;  the  spur  wheel  and  pinion,  or  a  train  of  gear,  communicates 
the  motion  of  the  water  wheel  to  a  pair  of  stones  revolving  in  a  dif- 
ferent plane,  and  at  quite  different  speed  it  may  be,  from  that  of 
the  water  wheel,  and  these  stones  grind  the  com,  or  do  the  work 
desired. 

RBmark,  This  8ab-divi«k>Q  it  not  always  manifest ;  for  there  are  machines,  in  which 
the  power  is  transmitted  so  directly  to  the  work  to  be  done,  that  the  communicators 
above  mentioned  are  not  apparent.  The  subniivision  is,  however,  convenient,  though  it 
woald,  perhaps,  be  equally  so  to  apply  to  recipients  of  power,  the  generic  term  en§;mt  or 
machine;  lo  tlie  communicators  of  the  motion,  the  general  term  mechamMm;  and  to  the 
parts  doing  the  work,  the  general  term  of  operaton^  and  in  this  manner  to  consider  each 
separately,  as  they  are,  in  fact,  perfectly  distinct.  On  this  subject,  there  are  excellent 
observations  in  Willis'  **Prindpltt  of  Meduudtm,  1840,"  and  in  Ampere's  "^PkUoaophie 
4n  Aimccs."— Tb. 

§  39.  Mechanical  Effect. — The  mechanical  effect  produced  by  a 
machine,  is  measured  oy  the  work  done  in  a  given  time,  or  by  the 
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product  of  the  force  exerted,  and  the  distance  gone  through  in  a  unit 
of  time  in  the  direction  of  that  force.  If  P  be  the  force  exerted,  and 
8  the  distance  passed  through  in  a  second,  then  is  P«  a  true  measure 
of  the  effect  of  the  machine  Lmm  Psft.  lbs. 

It  is  very  usual  to  assume  a  somewhat  arbitrarily  chosen,  but  now 
pretty  generally  adopted  measure,  termed  horse  powers  as  the  unit 
of  mechanical  effect  of  engines  or  machines.  The  horse  power  is  in 
England  33,000  lbs.  avoird.  raised  1  foot  high  in  a  minute.  This  is 
the  cheval  vapeur  of  the  French,  and  which  in  French  measures 
is  75  kilogrammes  raised  1  metre  high  in  a  second.  It  is  the 
Pferdehraft  of  the  Germans,  or  510  lbs.  Prussian,  raised  1  foot  high 
in  a  second. 

We  have  to  distinguish  the  useful  ^eet^  the  lost  effect,  and  the 
total  effect  of  machines.  The  useful  efl^ct  is  the  work  done,  the  lost 
effect  is  that  consumed  in  overcoming  the  friction  of  the  parts  of  the 
machine  lost  in  shocks,  &c.,  and  the  total  effect  is  the  sum  of  these — 
the  effect  inherent  in  the  power^  or  the  effect  taken  out  of  it.  An 
engine  or  machine  is  so  much  the  more  perfect,  the  smaller  the  lost 
effect  compared  with  the  total  effect,  or  the  less  loss  there  arises  in 
adapting  and  transmitting  the  power.  The  ratio  of  the  useful  effect, 
produced  to  the  total  effect,  has  been  termed  the  efficiency  of  the 
machine.     If  £  « the  total  effect  L^  a  the  useful  effect,  and  X,  »  the 


lost  effect,  the  efficiency  v  ^  -s^ 

JL 


Thus,  the  more  per- 


L  —  L^ 
L 

feet  the  machine,  the  more  nearly  its  efficiency  approaches  to  unity ; 
but  as  there  is  always  friction,  and  other  resistances  and  losses^  tnat 
degree  of  perfection  cannot  be  attained. 

Exmnpk.  An  on  stamping  mill  consists  of  20  «tein|Mn,  each  of  which  weighs  390  Ibs^ 
and  each  is  raised  40  times  per  minute,  1  foot  high.  The  machine  driving  these  is  a 
water  wheel,  taking  on  260  cubic  feet  per  minute,  and  the  fali  is  20  feet  high — reqaired 
the  efficiency  of  this  machine.    The  useful  effect  is : 

20  .  - — ',      •  ^  V  33331  a  pounds  per  second  s  6  horse  power;  the  total  afiiscc, 


H 
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The  point  in  the  machine  or  Bystem  at  which  P  is  applied,  is 
tertned  the  point  of  application  of  the  power,  and  the  points  at  which 
Pj  and  P^  act,  are  the  points  of  application  of  the  resistances ;  we  have 

in  -I  P|  the  uieful  resistance  reduced  to  the  point  of  application  of 

power,  and  in  ^  P^,  the  prejudicial  resistance  reduced  to  the  aatne 

point.  The  power  is,  therefore,  equal  to  the  Mum  of  the  useful  and 
prejudicial  re^utances^  reduced  to  the  point  of  application  of  th$ 

power.     Again  P^^^P ?  ^mj^^  *^^  useful  resistance  b  equal 

to  the  difference  of  the  power  reduced  to  the  point  of  appHeation  of 

that  residtance,  and  the  prejudicial  resistance  reduced  to  the  same 

P  $       t 
point.   Hence  the  efficiency  of  a  machine;  ^  =&  -^  ^  -'  P^P^Pj%- 

—  P^  that  is^  the  quotient  of  the  useful  reaistance  reduced  to  the 

power-pmnt  and  the  power,  or  the  quotient  of  the  useful  resistance^ 
ftnd  the  power  reduced  to  the  point  of  application  of  the  useful 
reaist&Dce. 

Very  many  machines  are  adaptations  of  the  wheel  and  axle  (Vol-  L 
1 152),  and  hence  the  reductions  may  often  be  accomplished  as  for 
a  lever.  If  in  the  wheel  and  axle  J?BC,  Fig.  90, 
the  radius  of  the  wheel  CA  =  a,  the  drum's  ra- 
dins  CB  ^  A,  then  the  statical  moment  of  the 
powet  P,  ^  Pa^  and  that  of  the  useful  resist- 
ance Pj  =^  P^bj  and  therefore  the  useful  resist- 
ance reduced  to  the  power-point  ^  =  ^  P^,  and 

a 

the  power  reduced  to  the  point  of  application  5 
of  the  resistance  =  ^  P»     If  the  prejudicial  re- 

0 

sistance  P^,  consist  tn  the  axle  frictionj^^P-J-P^ 
+  G),  and  if  r  =  the  radius  DC  of  the  aye,  the 
moment  of  it  is  «  P^r,  and  therefore  the  preju- 
dicial resistance  reduced  io^'fli^^  a|)plieation  of 

power  =  E£^fl(p  +  p^+G),  the  prejudi- 
a  a 

cial  resistance  reduced  to  the  point  of  applica- 


F'm-  90. 


..A(P+P,+  C). 


P  r 
tion  of  the  resistance  s=  — ^ 

Hence  P=*  P.4='^(P+J',+  G),al8oP,=.  "  P^-f^iP+P.+  G), 
a  a  9  0 

lagtlyj  n 
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and  the  dram  6  inches  ndhit,  tiie  «ile  i  indb  rBdim— Uie  uaelhl  retislanoe  being  500 
Ibs^  the  oo-efficient  of  axle  friction  i^,  then  the  uBefnl  resistance  reduced  to  the  point  of 

h  6 

application  of  the  power  ex  ~  P,  ex  —  dOO  ■■  100  lbs.,  and  the  prejudicial  resisu 

a  30 

ance  reduced  to  the  same  point: 

= /!  (P  +  P.  +  G)  «  JL  . -J_  (7  50  +  P) -B  f  +  _£- , 
and  hence  we  hare  to  put  the  power: 

P«100+f4.-:^,  L  e.  P«  101,25  . -522.=.  101,42  lbs., 
^*^  600  699 

100 
and  the  e^Eeifncy  of  the  machine:  s  ■■  ^  0,986. 

101,42  ' 

ON  THE  RIGIDITY  OF  CORDAGE. 

Amontong,  and,  after  him,  Coulomb,  experimented  on  the  rigidity 
of  hemp  ropes  and  cords:  and  Weisbach,  adopting  Coulomb's  method, 
has  recently  experimented  on  the  rigidity  of  hemp  and  wire  rope, 
sach  as  are  used  in  the  drawing-shafts  of  mines. 

Coulomb  deduced  from  his  experiments,  that  the  law  of  this  restat- 
anee  to  winding  may  be  represented  by  a  formula  composed  of  two 
terms ;  the  one,  a  constant  for  ecich  drum  or  pulley,  which  we  may 
designate  by  a,  and  which  the  distinguished  experimenter  termed 
'^  natural  rigidity^**  because  it  depends  on  the  mode  of  manufacture 
of  the  rope,  and  on  the  de^ee  of  twist  given  to  the  threads  and 
strands;  the  other,  proportional  to  the  tension  T  on  the  rope,  and 
expressed  hy  the  product  ^T,  in  which  jS  is  a  constant  for  any  rope 
or  drum.    Thus  the  resistance  to  winding,  it «  a  +  jS  7. 

Ooulomb  also  deduced  from  his  experiments  that  the  resistance  to 
inversely  as  the  diameter  &  of  the  drum  or  pulley;  so 


tlkallt-a4.^. 
a 

Ninriet,  in  mnng  Coulomb's  experiments  to  construct  a  formula, 

assumed  that  the  co-efficients,  a  and  ^,  arc  proportional  to  a  eertaih 

awer  of  the  diameter,  depending  on  the  state  of  wear  of  the  ror 
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For  tarred  ropea:  R^^  [.001  +  ,000232  n  +  .00028  Q]  lbs. 
d 

Whence  it  appears  that  tarred  rope»  are  rather  mere  rigid  tban  white  1 

ropes. 

Weisbacb  haB  deduced  from  his  experiments  on  wire  rope,  (4  wirei 

round  a  core  in  each  strand,  and  4  strands  round  a  core  in  the  rope,)  1 

weighiBg  B  lbs,  to  the  fathom,  the  formula ; 

R  =-  0,72  +  0,0262  ^  lbs., 
d 

in  which  Q  is  the  strain  on  the  rope  in  cwts,,  and  d  the  diameter  of 

the  pulley.     Whereas,  for  the  hemp  ropea^  Jit  for  the  mme  vm9^  or 

of  the  same  strength,  R  =  3,02  +  0,086  -= ;  or  the  rigidity  is  uon- 

d 

siderably  greater. 

Wire  ropes,  newly  tarred  or  greased,  have  about  40  per  cent,  lesi 
rigidity  than  untarred  ropes-* 

§  41*  Working  Condition, — When  a  machine  is  set  in  motion,  it  soon 
comes  to  its  working  condUimi^  that  is,  there  recur  at  regular  periods 
the  same  relative  position  of  the  parts,  the  periodic  motion  becomes 
uniformly  so.  In  this  condition  we  assume  machines  to  be  in  apply- 
ing our  principles,  but  their  working  condition  may,  according  to 
cir  aims  tan  CCS,  be  either  uniform  or  variable.  The  causes  inducing 
irregularity  are  variations  iu  the  power  or  in  the  resistance,  as  also 
the  proportions  of,  or  construction  of  the  machine,  in  reference  to 
Tariations  in  the  spaces  described  in  a  given  time  by  the  power  and 
resistance,  and  the  state  of  motion  of  inert  masses. 

In  a  steam-engine,  the  power  ia  variable  when  the  engine  **  works 
insively,"  that  is,  when  the  steam  is  cut  oflF 
luring  the  progressive  motion  of  the  piston, 
feln  a  mill  for  rolling  iron,  the  power  and  resist- 
ance are  continually  varying,  because  the  forge 
hammer  is  out  of  gear  when  falling  on  the 
blooms,  and,  therefore,  the  working  condition 
'of  the  machines  is  irregular.  If  the  engiue 
work  expansively,  then  there  would  arise  from 
the  combination  of  the  engine,  and  liammer, 
and  rollers,  three  causes  of  irregularity.  When 
a  weight  G,  Fig,  91,  is  raised  by  a  steam- 
engine  with  uniform  pressure  by  means  of  a 
wheel  C^fl,  and  crank  CB^,  the  machine  has 
a  variable  working  condition,  because  equal 
tpaces  •^(^i,  -^,^,,  •^jr^a,  -^r^4i  ^^  ^^^  resist- 
ance correspond  to  very  unequal  distances 
described  by  the  power,  andj  therefore,  the 
ratio  daring  a  half  revolution  is  variable,  but 
far  period*  of  a  half  revolution  it  is  uniform- 


Fig.  91, 


91 


*  Weiabacb^a  P^P^  <^  >hii  anbjesct  is  conmined  in  ihe  firtt  number  of  a  jotimfil  pub- 
Klb«|]  «l  Fferbefs,  nnder  the  titJe^'Der  Ingenmiir  Zdtecbrift  fUr  dae  g^iainmie  Inge^ 
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In  the  case  of  aniform  working  condition,  the  inert  masses  on  a 
machine  are  without  influence,  because  it  is  only  at  first,  when  the 
machine  is  still  accelerating  in  motion,  that  they  absorb  mechanical 
effect,  but  later,  when  uniform  motion  has  established  itself,  there  is 
neither  loss  nor  gain  of  mechanical  effect  (Vol.  I.  §  52).  But  if,  on 
the  other  hand,  a  machine  be  subject  to  irregular  working  conditions, 
the  inert  masses  of  the  parts  have  an  essential  influence  on  the  motion 
of  the  machine,  because  they  absorb  mechanical  effect  at  every  acce- 
leration of  speed,  and  this  they  again  give  off  at  each  retardation. 
If  M  be  the  sum  of  all  the  masses  reduced  to  the  power  or  resistance- 
point  of  a  machine,  i;^  and  t;„  the  minimum  and  maximum  velocities 
of  the  power,  or  resistance-points,  we  have  the  mechanical  effect 
which  the  inert  masses  absorb  during  their  transition  from  the 
velocity  v,  to  v„  and  which  they  again  give  out  in  passing  from  v, 

*         ^  I M.    Thus,  in  each   period,  the  inertia  of  the 

masses  increases  and  diminishes  the  lost  effect  by  the  above  amount, 
and,  therefore,  the  total  effect  for  the  whole  period,  or  the  mean 
effect  is  the  same  as  if  these  inert  masses  were  not  there.  Hence, 
as  a  general  formula,  Pb  ■■  P^%^  4-  P^,  holds  good  for  a  variable 
working  condition,  if  by  «,  a^,  «,,  we  understand  the  spaces  described 
in  a  complete  period,  or  if  for  P,  P^,  P,,  we  substitute  the  mean 
values  of  the  power,  and  useful  and  prejudicial  resistance,  for  a 


of  accelerating  motion:  P% 


•^F- 


This  for- 


M 


given  period.     For  the  case 

P_«,  +  C-^^^\  M,  hence  t), 
""       \      ^      )  "        '       /h±lL). 

mula  shows  that  the  variations  of  velocity  of  a  machine  are  not  only 
less,  the  less  the  difference  between  the  effects  of  the  power  and  the 
sum  of  the  effects  of  the  resistances,  but  also  the  greater  the  masses 
of  the  parts  of  the  machine,  and  the  greater  their  velocity. 

lUmark,  It  does  nm  follow  that  because  the  mass  of  ihe  paru  do  not  affect  the  efficiency 
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SECTION  II. 


OF  MOVmO  POWERS  AND  THEIR  RECIPIENT  MACHINES. 


CHAPTER  I. 

OF  THE  MEASURE  OF  POWERS  AND  THEIR  EFFECTS. 

§  42.  Dynamometer. — In  order  to  determine  the  mechanical  effect 
produced  by  powers  and  machines,  in  terms  of  the  horse  power  unit, 
three  elements  are  necessary,  viz :  The  magnitude  of  the  power  or 
effort,  the  distanee  paeeed  through  by  it,  and  the  time  during  which 
the  power  has  acted. 

To  enable  us  to  represent  the  effect  of  forces,  we  must,  therefore, 
hare  measures  of  the  force  applied,  the  distance,  and  the  time.  Dy- 
namometers serve  to  measure  the  force  applied,  the  chain  is  generally 
used  for  measuring  space,  and  clocks  or  watches  measure  time.  If  P 
be  the  magnitude  of  the  force  indicated  by  the  dynamometer,  and  s 
the  distance  throughout  which  it  has  acted  during  the  time  t,  then, 
the  work  or  mechanical  effect  produced  in  this  time  is  ■■  Pa,  and  the 

Ps 
work  per  second  Z  a  — . 

Of  dynamometers,  there  are  various  forms.  The  common  balance 
is  a  dynamometer,  and  is  used  to  measure  the  force  of  gravity  or 
weight.  Modifications  of  spring  balances,  and  the  friction  brake  are 
the  dynamometers  applied  to  measure  forces  producing  mechanical 
effect.  The  friction  brake  is  applied  to  measuring  the  mechanical 
effect  given  off  by  revolving  axles. 

Balances  are  simple  or  compound  levers,  on  which  the  force  or 
weight  to  be  measured  is  set  in  equilibrium  with  standard  weights. 
Balances  are  either  equal  or  unequal-armed  levers,  and  the  latter 
are  variously  combined,  according  to  the  purposes  to  which  they  are 
applied. 

§  43.  Common  Balance. — The  common  balance  is  a  lever  with 
equal  arms.  Fig.  92,  on  which  the  weight  Q  to  be  measured  is 
equilibriated  by  an  equal  weight  P.  AB  is  the  beam  with  its  points 
of  suspension,  (Fr.  fliaii,  Ger.    Waagebalken,)  CD  the  index  or 
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Fig.  w.  point,  (Fr.  aiguille^  Ger.  Zunge,) 

CE  the  support  or  fork,  (Fr.  suth 
port  J  Ger.  Seheere,)  C  is  the  knife- 
edge  or  folcram,  a  three -sided 
prism  of  hard  steel.  , 

The  requisites  of  a  balance  are : 

1.  That  it  shall  take  a  horizontal 
position  when  the  weights  in  the 
two  scales  are  equal,  and  only  then. 

2.  The  balance  must  have  BeiMt' 
hilUy  and  ftability^  that  is,  it  must 
play  with  a  very  slight  difference 
of  weight  in  either  of  the  scales, 
and  must  readily  recover  its  hori- 
zontal position,  when  the  weights 
are  again  made  equal. 

That  a  balance  with  equal  weights  in  the  two  scales  may  be  in  ad- 
justment, the  arms  must  be  perfectly  equal.  If  a  be  the  length  of 
the  one,  and  h  be  that  of  the  other  arm ;  P  the  weight  in  the  one 
scale,  and  Q  that  in  the  other.  Then  when  the  beam  is  horizontal 
Pa  ■■  Q6.  If,  however,  we  transpose  the  weights  P  and  Q,  we  have 
again  Ph  ■■  Qa^  if  the  beam  retain  its  horizontal  position.  From 
the  two  equations  we  have  P*ab^  <?  «*!  therefore,  P  ■■  Q,  and 
likewise  a»  b.  When,  therefore,  on  transposing  the  weights,  the 
equilibrium  is  not  disturbed,  it  is  a  test  of  the  truth  of  the  balance. 
A  balance  may  also  be  tested  in  the  following  manner.  If  we  put 
one  after  the  other  two  weights  P  and  P  into  equilibrium  with  a  third 
Q  in  tlie  opposite  scale,  the  two  weights  P  and  P  are  equal  to  each 
other  though  not  necessarily  equal  to  Q.  If,  then,  we  lay  the  two 
equal  weights  in  the  opposite  scales,  removing  Q,  we  should  have  in 
case  of  equilibrium  Pa  -■  P6,  and  hence  a  »  6.    Thus  the  hori- 
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lontality  of  the  balance  when  two  equal  weigh ta  are  laid  upon  it,  is 
a  direct  proof  of  its  truth  or  juBtne^s.  Small  inaceuracieB  m%y 
be  adjusted  hjr  means  of  the  screws  A\  L^  as  shown  on  the  balance 
(Fig*  93)j  which  serves  to  preis  out  or  pull  in  the  points  of  $U9'* 
pension. 

If  a  balance  indicates  weights  Pand  Qfor  the  same  bodj,  accord- 
ing aa  it  has  been  weighed  in  the  one  scale  or  the  other,  we  have 
for  the  true  weight  X  of  that  body :  Xa  «  Pb  and  Xb  =s  Qa^  hence 
X"  .ab^PQ.  ab,  or,  Jt*  ^  PQ,  and  X  ^  y/PQ,  or  the  geometric 
mean  between  the  two  values  i#  the  (rue  weight  of  the  hod^. 


We  may  also  put  X  i 


^P{p  +  q 

q-p 


-i')=pjl  +  ^=^,and 

approximately  s=  P  M  +  —I~p    )  =  — ^--^j  when,  a^  is  usual,  the 

difference  Q —  P  is  small ;  we  may,  therefore,  take  the  arithmeticQl 
mean  of  the  two  weighings  as  the  true  weight, 

§  44.  Sensibility  of  Balanees. — That  the  balance  may  move  as 
freely  as  poaaible,  and  particularly  that  it  may  not  be  retarded  by 
friction  at  the  fulcrum,  this  is  formed  into  a  three-sided  pnsm  or 
knife-edge  of  steel,  and  it  rests  on  hardened  Bteel  plates,  or  on  agate, 
or  other  stone.  In  order,  further,  that  the  direction  of  the  resultant 
of  the  loaded  or  empty  scale  may  pass  through  the  point  of  sus- 
pension uninfluenced  by  friction,  in  order,  in  short,  that  the  leverage 
of  the  scale  may  remain  constant,  it  is  necessary  to  hang  the  scales 
by  knife-edges.  In  whatever  manner  such  a  balance  is  loaded,  we  may 
always  assume  that  the  weights  act  at  the  points  of  suspension,  and 
that  the  points  of  application  of  the  resultant  of  these  two  forces  is  in 
the  line  joining  the  points 

of  suspension.    As,  accord-  ^^  ^' 

ing  to  VoL  L  §  122,  a  sus- 
pended body  is  only  in 
equilibrium  when  its  centre 
of  gravity  is  under  the  point 
of  suspension,  it  is  evident 
that  the  fulcrum  D  of  the 
balance.  Fig.  94,  should  be 
above  the  centre  of  gravity 
Sof  the  empty  beam,  and 
also  not  below  the  line  JiB 
drawn  through  the  points 
of  suspension.  In  what  follows,  we  shall  assume  that  the  fulcrum 
D  is  above  JiB  and  above  S, 

The  deviation  of  a  balance  from  horisontality  is  the  measure  of  its 
sensibility,  and  we  have  to  investigate  the  dependence  of  this  on  the 
difference  of  weight  iu  the  scales.  If,  for  this,  we  put  the  length  of 
the  arms  CA  and  CB  ^  l^  the  distance  CD  of  the  fulcrum  from  the 
line  passing  through  the  points  of  suspension  ^  d,  the  distance  SD 
of  the  centre  of  gravity  from  the  fulcrum  =  «,  if  further  we  put  the 


108 


SENSIBILITY  01  BALAN088. 


angle  of  deviation  from  the  horizontal  a  fj  the  weight  of  the  empty 
beam  »  6,  the  weight  on  the  one  side  a  P,  and  Smt  on  the  otner 
as  P  +  Z,  or  the  difference  «  Z,  and,  lastly,  the  weight  of  each 
scale,  and  its  apurtenances  »  Q,  we  have  the  statical  moment  on 
the  one  side  of  the  balance :  {P+  Q+Z).  DH^  {P  +  Q+  Z) 
(CK—  DE)  —  (/»  +  Q  -f  Z)  (f  eo9.  ^—a  nn.  t)  and  on  the  other 
side:(P+Q).DL+G.DP-(P+  Q)  {CM  +  DE)  +  G  .  DF 
«-  (P  +  Q)  {i  <^08.  p  +  a  nn^  f)+  G  9  sin.  t ;  therefor^quilibriom : 
(P  4.  Q  +  Z)9  co%.  t  —  a  %%n.  t)  —  (P  +  Q)  {I  eon.  ♦  +  a  nn.  t) 
+  6  «  nn.  t?  or,  if  we  introduce  tang,  t,  and  transform : 
[[2  (P  +  Q)  +  Z]  a  +  G «]  ean^.  ^^Zl,  therefore, 

'^^^;'-[2(P+Q)  +  Z]a+G/ 

This  expression  informs  us  that  the  deviation,  and,  therefore,  the 
sensibility  of  the  balance,  increases  with  the  length  of  the  beam,  and 
decreases  as  the  distances  a  and  s  increase.  Again,  a  heavy  balance 
is,  eceteris  paribus,  less  sensible  than  a  light  one,  and  the  sensibility 
decreases  continually,  the  greater  the  weights  put  upon  the  scales. 
In  order  to  increase  the  sensibility  of  a  balance,  the  line  .^B  joining 
the  points  of  suspension  and  the  centre  of  gravity  of  the  balance, 
must  be  brought  nearer  to  each  other. 

If  a  and  s  were  equal  to  0,  or  if  the  points  D  and  S  were  in  the 

Zl 
line  .^5,  we  should  have  tang,  t  a  —  a  00 ,  therefore  t »  90^ ;  and 

0 

therefore  the  slightest  difference  of  weights  would  make  the  beam 

kick  or  deflect  90^.     In  this  case  for  Z  a  0,  we  should  have : 

tang,  t  »  j:j  i^e.  the  beam  would  be  at  rest  in  any  position,  if  the 

weights  were  equal  in  each  scale,  and  the  balance  would  therefore 
be  useless.  If  we  make  only  a  «  0,  or  put  the  fulcrum  in  the  line 
ZJ 


in  a  18  ve 
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the  pendulum  which  would  be  iaochronous  with  the  balance  (Vol.  I. 
§  250): 

^       2(f+Q)(P  +  a^)  +  Gy» 
"        2{P+Q)a+G$       ' 
and  hence  the  time  of  vibration  of  the  balance : 
\2{P+Q){P  +  a*)  +  Gy\ 
9l2{P+Q)']a+G8    ' 
for  whichy  when  a  is  very  small  or  0,  we  may  put: 
'2XP+Q)P+Gi^ 
gG% 
It  is  evident  from  this  that  the  time  of  a  vibration  increases  as 
P,  Q,  I  increase,  and  as  a  and  %  diminish.     Therefore,  with  equal 
weights,  a  balance  vibrates  the  more  slowly,  the  more  sensible  it  is, 
and  therefore  weighing  by  a  sensible  balance,  is  a  slower  process 
than  with  a  less  sensible  one.   On  this  account  it  is  useful  to  furnish 
sensible  balances  with  divided  scales  (as  Z,  Fig.  98).    In  order  to 
judge  of  the  indication  of  such  a  scale,  let  us  put  Z  the  additional 
weiffht  «■  0  in  the  denominator  of  the  formula-: 
*         .  Zl     

'^•^"[2(P+Q)+Z]a+G«' 
and  write  t  instead  of  tang,  t,  we  then  get: 
Zl 
*"  2(P+Q)a+  G«' 
If  we  then  put  Zifor  Z^  and  ^  for  ^  we  get: 

Z  I 

A,  tm  — ~- * — -,  hence  t :  t,  ■■  Z :  Z,;  or,  for  small  dif- 

ferences  of  weight,  the  angle  of  deviation  is  proportional  to  that 
difierence.    Hence,  again  t:t|  —  ^^  Z  i  Z^  —  Z;  and  therefore 

Z  tm  — - —  (Zj  —  Z).    We  can,  therefore,  find  the  difference  of 

weiffhts  corresponding  to  a  deviation  t,  by  trving  bv  how  much  the 
deviation  is  increased,  when  the  difference  of  weights  is  increased 
by  a  given  small  quantity,  and  then  multiplying  this  increase 
(Z|  —  Z)  by  the  ratio  of  the  first  deviation  to  the  greater  deviation 
obtained. 

Ranark,  Balances  sach  as  we  have  been  oontidering,  are  uted  d  all  dimenaiooti  and 
of  all  degrees  of  delicacy  and  perfection.  Fig.  OS  is  the  moal  foma  of  this  balanoe  used 
in  trade,  and  Fig.  93  represenu  the  balances  used  in  assaying,  analysis,  and  in  physical 
researches.    Sach  balances  as  Fig.  93,  are  adapted  to  wei^  not  mora  than  1  IK;  but 

they  will  turn  with  —  of  a  grain,  or  with of  •  poand.    The  finest  balances  that 

^  50         **       '  380000         *^ 

have  been  made,  render part  of  the  weight  appreciable,  hot  snch  balanoes  are 

1,000,000  ••        rr  ^ 

only  for  extremely  delicate  work.    Even  large  balances  may  be  constructed  with  a  very 

high  degree  of  sientibility.    For  minute  details  on  this  subject,  the  student  is  referred  to 

Lardner*8  and  Eater's  Mechanics,  in  "  Lardner'i  Cyolopsedia." 

§  46.  Unequdlrarmed  Balances. — ^The  balance  with  unequal  arms, 
termed  itatiraj  or  Roman  balance  ud  tUd^atdj  preaents  itself  in 
VOL.  n.— 10 
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^~(S■■-.\i.2^J^^^*.^JL, 


U 


three  different  forms,  via:  steel- 
yard with  tnovabk  weight,  steel- 
yard with  proportional  weights^ 
and  steelyard  with  fixed  weight* 
The  steelyard  with  running 
weight  is  a  lever  with  unequal 
arms  JiB^  Fig,  95,  on  the  shorter 
arm  of  which  C^%  a  scale  is  sus- 
pended, and  on  the  longer  di- 
vided arm  of  which  there  is  a 
running  weight,  which  can  be 
brought  into  equilibrium  with 
the  body  to  be  weighed  Q.  If 
1^  be  the  leverage  CO  of  the 
running  weight  C,  when  it  balances  the  empty  scale,  we  have  for 
the  statical  moment  with  which  the  empty  scale  acta  X^  ^  Gl^^  but 
if  U  =  the  leverage  CG,  with  which  the  running  weight  balances  a 
certain  weight  Q^  we  have  for  its  statical  moment:  X^  =s  Gl^\  and 
hencej  by  subtraction,  the  moment  of  the  weight  Q,  =  AV  —  X^ 
^G(l„~Q=  G  .  OG.  If  again  a  =  CJ,  the  leverage  of  the 
weight,  and  if  6  be  the  distance  OG  of  the  running  weight  from  the 
point  0,  at  which  it  balances  the  empty  scale,  we  have  Qa  =  G6, 

and  therefore  the  weight  Q  ^  —  4.   Hence  the  weight  Q  of  the  body 

to  be  weighed  is  proportional  to  b  the  distance  of  the  running  weight 

from  the  point  0.     2  b  corresponds  to  2  Q,  3  6  to  3  <?,  &c.     And, 

therefore*  the  scale  OB  is  to  be  divided  into  equal  parts j  starting 

from  0,     The  unit  of  division  is  obtained  by  trying  what  weight 

Qrt  must  be  put  on  the  scale  to  balance  Gj  placed  at  the  end  B. 

OB 
Then  Qn  is  the  number  of  division^  and  therefore  -_  the  scale  or 

unit  of  division  of  OB,     If,  for  example,  the  running  weight  is  at  B, 
when  Q  =  100  lbs.,  then  OB  must  be  divided  into  100  equal  parts, 

and,  therefore^  the  unit  of  the 

scales^  — —  *     If  for  another 


weight  Q,  the  weight  G  has 
to  be  placed  at  a  distance  h 

=  80,  to  adjust  the  balance^ 
then  Q  =  80  lbs.;  and  so 
on. 

In  the  steelyard,  Fi^,  96^ 
with  proportional  weights, 
the  body  to  be  weighed  hangs 
on  the  shorterj  and  the  stand- 
ard weights  are  put  on  the 

longer  arm.     The  ratio  _- 


.— i 
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«-  of  the  arms  is  generally  simple,  bm  '^^j  in  which  caae  the  balance 

hecomes  a  decimal  balan^^e.  If  the  balance  has  been  brought  to 
adjustment  or  horizon  tali  ty  by  a  standard  weight,  then  for  the  weight 

Q  of  the  body  ia  the  scale,  we  haveQa==  Oh;  hence  Q  =  ^  G,  and 

a 

therefore  the  weight  of  the  merchandise  is  found  by  multiplying  the 
small  weight  G  by  a  constant  number,  for  instance^  10  in  the  deci- 
mal balance,  or  if  the  latter  be  assumed  -  times  as  heavy  us  it  really  is. 

The  steelyard  with  fxed  weighty  Kg-  i*7,  called  the  Danish  ba- 
lance, has  a  movable  fulcrum  C,  (or  it  is  movable  on  its  fulcrum,) 
which  can  be  placed  at  any  point  in  the  length  of  the  lever,  so  as 
to  balance  the  weights  Q  hung  on  one  end,  by  the  constant  weight 
Gj  fixed  at  the  other* 

The  divisions  in  this  case  are 
unequal,  as  will  appear  in  the 
following  remark; — 

Ermurk.  \n  ^rdef  to  diviile  t1ieD(im«h 
fte«-iy«r«l,  Fig,  ^ts,  iJra w  [Urou^h  U«  ceiitre 
i>f  ^tnvity  S  uikI  it6  |K>iiit  for  iuspension 
B  TWO  pumlkL  Knet^anil  sei  tiff  on  these 
ffitnn  Sutiti  B  **qwil  ilrviftitifii,  wiutI  draw 
irom  ibt?  Hr^t  iiuiniof  liifii^ion  of  tlie  oiih, 
lilies  ro  <be  |ioiiit«  of  JUifioii  L  lU  l^h 
IV  of  the   otKer  [faralld   *tmigiu   line, 
Thete  litie§  cm  ilie  niit  B8  of  ilie  bfinin 
in  lUe  |»*>iiitt  of  UivtEikm  rerjuirtHL     Tb« 
|Kiini  of  Inrer^-ei^tjiMi)  (1)  of  the  tine  U  1| 
iifttfcl^  Sti^  n  flit ^  by  placing  the  fulcrum 
therp.  the  weiiihi  of  the  inerctmndJM?  u  eqiiHl  lo  the  total  weight  of  the  steelyartii  il'  it 
tie  hori/joiiuil,  or  in  &.  etniF  of  equilihriiini,     The 
imtil  of  inleracsciJon  (2)  in  the  tine  l,  [1,  ia  as  fhi 
%lptln  ffoiti  8  a$  ffi}m  Bt  anil^  therefore,  when 
liiiJi  point  is  »u{i ported   Q  ^  i  6,  when  equili- 
brium iH  estnblishetl  iimilnrlyt  the  jjoiiit  of  divi- 
ftion  (3)  in  iJie  Jiiie  I,  III.  U  3  titnea  aii  far  from 
$  af  froin   B;  an<l  hence  for  Q  =  3  G,  the  ful- 
cnim  mu»i  he  nioveiJ  to  ihiA  point.    Jt  is  aJ*i>  evi- 
ilf?rit  ihiii  by  f^upjjortiniic  the  poititoi  of  division  j, 
j.  kti^  the  weittht  Q^^G^^G,  and  so  on,  when 
iJi©  henm  is  in  a  stale  of  equifibrium      We  *ee 
ffOifi  ihia  ihai   the  poititf  of  divistion  lie  nearer 
tpgettier  ff»r  heavy  we  lights,  arnl  fnrdief  »]t^n  for 
li)iln  w^ri^his.  and  ihat^  Ihcrelore,  ihti  beit»ibility 
of  \km  halMfict;  h  very  rHrmhle. 

S  47,  Weigh-brifii/eB, — Compound  balances  consist  of  two,  three, 
or  more  simple  levers,  and  are  chiefly  nsed  aa  wetghtnp4ables  or 
wetgh-bridge%fKyx  carts,  wagons,  aninialaj  &c*  Being  used  for  weigh- 
ing great  weights,  they  are  generally  }>roportional  balances.  The 
Mcah  of  the  ordinary  Mteelyard  is  replaced  here  by  a  fimr^  which 
should  be  60  supported,  and  connected  with  the  levers,  that  the 
receiving  and  removing  of  tlie  body  to  be  weighed  may  bo  as  conve- 
nieotly  dane  n»  possible,  and  that  the  indication  of  the  balance  may 
be  Independent  of  the  position  of  the  body  on  the  floor.  ^ 


Fig.  9i. 
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Fig.  99  represents  a  very  good  kind  of  weigh-bridge  bj  Schwilgue 
in  Strasbourg  (balance  a  bascule)*     This  weigh-bridge  consists  of  a 


Fift.  99, 


_B     C 


■ .  »mtn 


two-armed  lever  ^^CB^  of  a  simple  single^armed  lever  Jl^C^B^^  and 
of  two  fork-like  single-armed  levers  B^S^,  DS^,  &c.  The  fulcrum  of 
these  levers  are  C\  Cj  and  D^D^.  The  bridge  or  floor  IF  is  only  par- 
tially shown,  and  only  one  of  the  fork-formed  levers  is  visible.  The 
bridge  u»Uftlly  rests  on  four  bolts  A",,  K^,  &c*,  but  during  the  weigh- 
ing of  any  body,  it  is  supported  on  the  four  knife-edges  S^^  S^^  ic, 
attached  to  the  fork-shaped  levers.  In  order  to  do  this,  the  support 
E  of  the  balance  >.^B  is  movable  up  and  down  by  means  of  a  pinion 
And  rack  (not  visible  in  the  drawing).  The  business  of  weighing  con- 
sists in  raising  the  support  EC,  when  the  wagon  has  been  brought  on 
to  the  floor,  in  adjusting  the  weight  G  in  the  scale^  and  finally  in 
lowering  the  bridge  on  to  its  bearings  K^^  K^^  &c.     The  usual  propor- 

tions  of  the  levers  are:  j^  =  2,  u^  »  5,  and  the  arms  -^^^  a  10, 

If,  therefore,  the  empty  balance  has  been  adjusted,  tTie  force  at  B 
or  •^j  «  2  G,4hG  force  at  B^  =  5  times  the  force  in  ^  =  10  G,  and 
lastly^  the  force  in  5=  10  times  that  in  B^  =  100  G*  And,  there- 
fore,  when  equilibriura  is  established^  the  weight  on  the  floor  is  100 
times  that  laid  on  the  scale  at  G,  and  this  makes  a  centesimal  scale. 
Another  form  of  weigh-bridge  such  as  is  constructed  at  Angers,  is 
shown  in  Fig,  100,     The  bridge  IF  of  this  balance,  resta  by  means  of 

9  Fi».  100. 
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{qut  supports  ftt  B^j  B^^  km.^  on  the  fork-shaped  Bingle-armed  leyerg 
•^^jBjC,,  jf^BjCj,  of  which  the  latter  is  conoected  with  the  proloi:tga- 
tioB  €^H  of  the  former,  by  a  lever  DEF  with  eciual  arms.  Until 
the  bridge  is  to  be  used,  it  rests  on  beams  5,  5,  but  when  the  load  is 
brought  on,  the  support  LL  of  the  balance  JiB  is  raiied  (and  with 
it  the  whole  system  of  levers),  by  means  of  a  pinion  and  rack* work, 
and  then  so  much  weight  is  laid  in  the  scale  at  G^  as  is  necessary  to 
produce  equilibrium^, 

In  whatever  manner  the  weight  Q  is  set  upon  the  bridge  W^  tho 
sum  of  the  forces  at  B^^  £j,  &c*»  is  always  equal  to  that  weight. 

But  the  ratio  J^_^  is  equal  to  the  ratio  ^^^  =  r^  of  the  length  of  the 

arms,  and  the  length  of  the  arm  I>E  ^  length  of  arm  DF^  as 
also  C^H^  C'lA'  It  is,  therefore,  the  same  in  eftect,  whether  a 
part  of  the  weight  Q  is  taken  up  on  B^^  or  directly  on  B^ ;  or  the 
conditions  of  equilibrium  of  the  lever  C^B^.^^  are  the  same,  whether 
the  whole  weight  Q^et  directly  on  Bj,  or  only  a  part  of  it  in  B^,  and 
the  rest  in  B^^  and  only  transferred  by  the  levers  C^B^^,  EDF  and 

CM  to  C,B,A,.     If,  further,  ^  be  the  ratio  of  the  arms  -^  of  the 

upper  balance,  the  force  on  the  connecting  rod  BA^  b  ^  «  Cr,  and 

hence  the  weight  on  the  floor  supposed  previously  adjusted,  is: 

q^^.tG.    Generally  ^  =  ^  -  ^f^ hence,  ^  =  '?%  and  the 

balance  is  centesimaL 

I  48-   Portable    Weigh-bridge*  —  In  factories   and  warehouses^ 

various  forms  and  dimensions  of  weighing- tables,  after  the  design 
of  that  of  Quintenz,  are  used.  This  balance,  which  is  represented 
in  Fig*  101,  consists  of  three  levers  .dCD,  EF^  and  HK.  On  the  first 
lever  hangs  the  scale-pan  6f,  for  the  weights,  and  two  rods  DE  and  B/T, 

Fig.  101. 


1 

H 

1    H^'E^ 

^^^^^^^^^^Hh^m"^! 
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The  rod  DE  cftrries  the  lever  taming  on  the  fixed  point  F,  and  the 
second  rod  BH  carries  the  lever  flK,  the  fulcmm  of  which  rests  upon 
the  lever  EF.  In  order  to  provide  a  safe  position  for  the  two  latter 
levers,  they  are  made  fork-shaped,  and  the  axes  F  and  K  on  which 
they  turn,  are  formed  by  the  two  knife-edges*  On  the  lever  HK, 
the  trapeioidal  floor  ML  is  placed  to  receive  the  loads  to  be  weighed, 
and  it  is  provided  with  a  back-board  JMJV,  which  protects  the  more 
delicate  parts  of  the  balance  from  injury.  Before  and  after  the  act 
of  weighing,  the  lever  formed  by  the  border  of  the  floor  rests  on 
three  points,  of  which  only  one,  R,  is  visible  in  our  section ;  and  the 
balance  beam  ^D  is  supported  by  a  lever-formed  eateh  5,  provided 
with  a  handle.  When  the  merchandise  is  laid  on  the  table,  the 
catch  is  put  down,  and  weights  are  laid  on  at  6,  till  the  balance  ^D 
is  in  adjustment.  The  catch  is  again  raised,  so  that  HK  comes 
again  to  bear  on  the  three  points,  and  the  merchandise  can  be  re- 
moved without  injury  to  the  balance.  The  balance  ^D  is  known  to 
be  horizontal  by  an  index  Z,  and  the  empty  balance  is  adjusted  by 
a  small  movable  weight  T,  or  by  a  special  adjusting  weight  laid  on 
the  scale  at  G. 

In  this,  as  in  other  weigh'hridge%j  it  is  necessary  that  its  indica- 
tions be  independent  of  the  manner  in  which  the  eoods  are  placed 
upon  the  table  or  floor.     That  this  condition  may  be  satisfied,  it  is 

EF 
necessary  that  the  ratio  --^r^  of  the  arms  of  the  lever  EKF^  be  equal 


KF 


CD 


to  the  ratio  •--—  of  the  arms  of  the  balance  beam  j9D. 
CB 


A  part  X  of 

the  weight  Q  on  the  floor  is  transferred  by  the  connecting  rod  BH 
to  the  balance  beam  AH^  and  acts  on^his  with  the  statical  moment, 
CB  .  X\  another  part  F,  goes  through  K  to  the  lever  £F,  and  acts 

at  E  with  the  force  -— =  .  F.    But  this  force  goes  by  means  of  the 
EF 


turning,  iher«  ar*  two  tnife-e<l(ic  si«  on  the  Mrk,  wliirh  af©  Ufiitec!  wftli  two  pnir  of 
knife-edgefl  if  and  K.hj  four  [laralkl  rocla  £7^  nud  /^K'.  AccorUiiiK  to  ihft  theory  of 
OPap)e«,  the  tenabrt  Q^  on  tbe  itnl  B/)  b  equnl  tn  n  weiglii  Q  In  id  on  tti«  Hoor ;  but  bo- 
lides thi4,  the  fiofHT  iu»elf  act*  outwards  witU  n  fon^e  /*  in  £,  tinil  wilb  i%n  orjp04it*  force 
—  P  in  F  in wardi.  ltd  he  tlie  di^tanoc  DLot  the  wei|fiii  Q  fmin  tli<^  rod  BB,  apd  «  the 
difiance  of  the  knife  edges  IJand  F,  tben  f  P  =  rf  <^,  and,  iliereriife,  e«cb  hori24>tilJil  ro«tMi 

Pmt  ^Q.    ThesQ  Jbrcea  do  nof  influence  the  lavcr^  and  there  fore  tbe  wi-iifbt  Q  ^  —  O, 

«  6 

if^mt  bkth«na,  «  and  b  denote  tb«  lever  arms  P*f  and  CJIjaml  O  the  weifhi  in  the  wvte^ 
/£an«iht  2.  Wcrji^h  bridg^i.  fire  irntted  of  in  d«>iail  In  the  '*  All|ieinrinen  Mapcfiinen  En* 
r]n^l<oplc]icf|  BtL  2^  A  it.  Bruckeowaagifnf"  uoder  the  art*  **  Weighing  MaeJiine)  in  the   Eii^ 
f^b.  Britatioica  Edioeo^i^/' 

§  49.  ImPx  BalunceM^  or  Bent  Lever  Balances. — The  bent  lever 
balance  is  an  unequal-armed  lever  ACB^  Fig,  103,  wbicb  ahowa  the 
weight  Qof  a  body  bung  on  to  it  at  B^  by  an  index  CJl  moving  over  a 
scale  i)£,  the  iseight  G  of  the  index  bead  being  constant.  To  deter* 
mine  tbe  theory  of  this  balance,  let  us  first  take  the  simple  case,  in 
which  the  axis  of  the  pointer  passes  through  the  point  of  suspension 
Bof  the  scale,  Fig.  104.  When  the  empty  balance  is  in  equilibrium, 
1.  f.  its  ccDtre  of  gravity  S^  vertically  under  the  centre  of  motion  C, 
let  the  index  stand  in  the  position  CD^^  and  let  tbe  point  of  suspen- 
sion be  in  B^,  If  now  we  add  a  weight  Q,  then  B^^  comes  to  B^  and 
D^  to  A  nnd  S^  to  5,  and  thus  the  weight  Q  acts  with  the  leverage 
VK^  and  the  weight  G  of  tbe  empty  balance,  with  tbe  leverage  CH, 
Therefore,  for  tbe  new  state  of  equilihriuni  Q  ,  CK  =  G  .  CH.  If 
now  DJV*  falls  perpendicularly  on  CD^  we  have  CD^  and  SCH^ 

CH      D  A" 
two  similar  triangles,  and^  therefore,  — ^  k  yf.—y  and  as  besides, 


CS^  a,  CB  =  i,  CD^  =  CD  =  d,  and  J>,P- ar,  Q  «  ?  .  ^^There- 

h     d 

fore  tbe  weight  Q  increases  with  the  portion  D^P  »  j-,  cut  off  by  the 
index  from  the  vertical  D^L^  and  therefore  D^L  may  be  divided  as  a 
scale  of  equal  parts.  If  a  point  P  on  the  scale  haa  been  found  for  % 
known  weight  put  on  the  balance,  other  points  of  division  are  got  by 
dividing  D^P  into  equal  parts.  If  the  index  centre  line  of  the  CD^ 
does  not  pass  through  the  point  of  suspension,  but  has  another  di- 
rection C£^,  the  scale  of  eciual  parts  corresponding^ to  it^is  found, 
if  we  place  the  right-angled  triangle  CD^L  as  CE^M'or  VE^^  and 
lastly,  in  order  to  get  the  circular  scale  E^R,  we  have  to  draw  radii 
from  the  centre  0  tbrough  the  points  of  division  of  the  line  E^M  to 
the  periphery  of  the  circle  passed  over  by  the  point  of  the  indi.'X. 

Rfmnrk  There  nre  other  intiejE  balances  described  in  Lardner*  and  KRier'n  Median  104, 
Such  bilnncea  are  cbiefly  ii&eil  for  weighing  tellers  and  paper,  Ihremi,  oiad  such  Uk« 
tnntiuracfure^  where  eainplea  have  frequently  (o  be  weighed. 

§  50.  Spring-balances  or  D^yna^ndm^fer^.  —  Spring-balances  are 
made  of  hardened  steel  sprmgti,  upon  which  the  weights  or  forces 
act,  and  are  ftirnished  with  pointers,  indicating  on  a  scale  the  force 
applied  in  deflecting  tbe  spring.  The  springs  muat  be  perfectly 
tempered,  or  they  mist  resume  their  original  form  on  removal  of  the 
force  applied.  Thus  spring- balances  should  never  be  strained  be- 
yond a  certain  point  proportional  to  their  strength ;  for  if  we  surpass 
the  limits  of  their  elasticity  in  any  application  of  them,  they  are 


I 


BPBnra  balakcxb. 


IIT 


Fig.  105. 


afterwards  useless  as  accurate  measures  of  weight. 
The  springs  applied  for  such  balances  are  of  many 
different  forms.  Sometimes  they  are  wound  spirally 
on  cylinders,  and  enclosed  in  a  q^lindrical  ^se,  so 
as  to  indicate  the  forces  applied  in  the  direction  of 
the  axes  of  the  cylinder  by  the  eompresmon  or  ex- 
tension of  the  spiral.  In  other  bahnoes  the  spring 
forms  an  open  ring  ^BDEC,  Fig.  106^  and  the  index 
is  attached  by  a  hinge  to  the  end  C,  and  passed 
through  an  opening  in  the  end  ^.  If  the  ring  B  be 
held  &it^  and  a  force  P  applied  at  JS^  the  ends  A  and 
C^  separate  in  the  direction  of  the  foroe  applied,  tfnd 
the  index  CZ  rises  to  a  certain  position  on  the  scale 
fastened  at  JD  to  the  spring.  If  the  scale  haa  been 
previously  divided  by  the  applicatioQ  of  standard 
weights,  the  magnitude  of  any  force  P  applied,  thoogh  preTionBly 
unknown,  is  indicated  by  the  pointer. 

Fig.  106  is  a  representation  of  Regnier's  dynamometer.  ABCD 
is  a  steel  spring  forming  a  closed  ring,  which  may  either  be  drawn 
out  by  forces  P  and  P, 

or  pressed  together  by  FSg.  106. 

0£  and  D;  I)£r;/f  is  m 

a  sector  connected  with 
the  spring,  on  which 
there  are  two  scales; 
MG  is  a  double  index 
turning  on  a  centre  at 
Jf,  and  EOF  is  a  bent 
lever,  turning  on  O, 
and  which  is  acted  upon 
by  a  rod  BE^  when  the 
parts  B  and  D  of  the 
spring  approach  each 
other  in  consequence 
of  the  application  of  weights  or  other  forces  as  above  mentioned. 
That  the  index  may  remain  where  the  force  has  put  it,  for  more  con- 
venient reading,  a  friction  leather  is  put  on  the  under  side. 

The  most  perfect,  and  most  easily  applied  dynamometer  for  me- 
chanical purposes,  is  that  described  by  Morin,  in  his  Treatise, 
^^  Description  des  Appareils  chronomdtriques  k  style,  et  des  Appareils 
dynamomdtriques,  Metz,  1838/'  and  used  by  him  in  his  various  re- 
searches on  friction  and  other  important  mechanical  inquiries. 
Morin's  dynamometer  consists  of  two  equal  steel  springs  AB  and  CD^ 
Fig.  107,  of  from  10  to  20  inches  in  length,  and  the  force  applied 
is  measured  by  the  separation  which  it  produces  between  the  two  spring 
plates  at  M.  In  order  to  determine  the  force,  for  example,  the  force 
of  traction  of  horses  on  a  carriage,  the  spring  plate  JV  is  connected 
by  a  bolt  with  the  carriage,  and  the  horses  are  attached  to  the  chain 


There  is  a  pointer  on  M  which  indi- 
cateB  on  a  scale  attached 
J\r,  the  separation  of  the  plat 
produced  bj  the  force  P  ap 

plied,  Iftheapriiigs be  plate 
of  ariifonn  breadth  andthiek- 
nees,  und  be  /  ^  the  length,! 
is3  the  breadth,  and  h  «  thej 
thicknes.^ ;  according  to  VoU, 
I.  §  190^  we  have  for  thtJ 
deflexion  corresponding  to  m\ 
force  P : 

,    PP       ,    PP 

^'^  WE  ^  Ehh^'  ^ 
the  deflexion  increases  as  theJ 
force  applied^  and,  therefore,! 
a  scale  of  equal  parts  shouldi] 
answer  in  this  dynaniotneter- 
As  the  detioxion  s  of  two  j 
springs  is  called  into  actioaij 
the  amount  is  double  of  thai] 
of    one   of    them,    or   it 

PP 

=  I  -pjp^  ^^^>   therefore^ 

P,  if  f  be  a  number  determined  by  direct  experi- 1 

ment.  If,  before  application  of  such  an  inetrument,  a  known  weight ' 
or  force  be  put  upon  it,  and  the  deflexion  s  ascertained,  the  ratio  | 
between  force  and  deflexion  may  be  calculated,  and  a  scale  prepared* 
It  has  been  proved  bj  experience  that  when  the  best  steel  is  used, ' 
the  deflexion  may  amount  to  1'^  the  length,  without  surpassing  the  j 
linjits  for  which  proportionality  between  force  and  deflexion  subsiats.^ 
The  springs  that  have  been  employed  by  Morin  and  others  are  mad^] 
into  the  form  of  beams  of  equal  rcshtance  throughout  their  length' 
(VoL  L  §  204),  and  have,  therefore,  a  parabolic  form,  or  thicker  in  j 
the  centre  than  at  the  ends. 

Btmark.  Forces  do  not  gencmlly  «et  unifotmlyt  twJt  ore  wniinuBlly  chart gin|r,  uiid  J 
iherrfore  the  u»ua1  object  in  Id  asoermin  th«  fnftzfl  fjfort.     Tlie  u^usl   IntleK  dynamocij^  \ 
lera  only  ifive  ilie  force  aa  it  has  acned  a1  tome  i>ariigulttr  iin*iani,  Of  only  the  iiirtJOTlwM  j 
tffftrt.     There  is,  liierefufe.  ejttri'me  uiicf!riainiy  in  rlie  ineljcaUoii  of  such  Hyf*ntiionH*i*?rS|  i 
*  I  iCK  lifted  na  tliey  have  Ix-^n  by  M  Nell  I  and  mliera,  when  applied  Kt  inenf^nrin^  ibe  efroTt 
of  horseu  applied  (o  plough inp,  c*inHl  Tniction,  &o.    Morin  tia«  uomple-tely  provulwl  a^inat 
dufi  delt'ct,  by  attaching  lo  hid  dynajiiuitieter,  a  eelf  reciter  in  K  ajipniutui*.  lirst  fiUKK^fe't^^d 
by  Poncelet,  (see  Morin'i  work  above  rjiioietl^)  by  whiub,  in  one  t^?^,  d»e  furne  Ibr  envh  i 
pojiit  oTa  dij*tane*^  paf»ed  ovff  U  retcistereil  in  tlie  form  of  a  curved  line,  drawn  on  paper|  ; 
mid  in  the  other  caaa,  tho  force  as  applied  at  each  instant  i«  «nmnrf<'d  u[t  or  km^grnti^  ^ 
by  a  macliine      Bc»ih  apparaiiiftcs  isive  the  product  of  (he  force  into  ilie  diatantw  d*-  I 
H-ribed^  and^  thereforei,  ihe  mean  effort  may  be  produced  when  tUe  meduimatt  ffftti  m  j 
divi4**d  by  distance  \  '  ' 


I  pRBsed  over— 'l»y  ^ 


nple 


.,   Ill  d*e  dyndmomelff  wiih  ptmcd  and  eontinuou*  si-rod  rif  p»i|>er,  iVie  mecisiire  of  dif 
Tonx  ia  markt^d  by  a  pencU  pn^e^hig  tliron^b  Mt  tilt  hs  [KtiEit  fiJiiii:hL''s  u  f^roll  ul   [mpet 
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fMMing  utidft  \L  Tliia  icroll  i»  wound  fhttn  the  toiler  E^  {Fu^  107,)  lu  iKe  rDl|f-r  Ft 
u-hich  !■  !«t  in  mntion  Ijy  liamU  or  wheel  work,  by  the  wheel*  of  the  Cflrrmge  iTielf, 
When  no  lrir<w  n^ts  on  the  spr'mjfs^  the  pendl  would  mark  n  stnii^ljt  line  on  ibe  pqfMT^ 
fuppmin^  it  fet  in  moiiun ;  but  by  appticritioo  of  n  fomft  P,  the  jprinjra  are  tlerlrt?re«l.  wti'! 
tbei^lbre  &  lioe  more  or  \ef*  tortii^^  i^  drawn  by  the  pencil  at  a  varinlik-  flip^inrK'f'  In^ni 
the  ftbove  alluileil  lo  Kero  fine,  bit  on  tJit?  whot^  pamllel  tr*  it.  Trfb  nrem  of  ihe  «|*nc*? 
belWf^en  ihe  IH'O  lines  h  iJie  measure  of  the  meclmnical  effi^n  t1evuh>|it^|  by  tli»^  flirwe ; 
for  tlar  hfl»i»  nf  ti  U  n  Hne  proporiiooni  to  the  tli>}taiice  pass^l  over^  ami  Uie  I ■  eight  b 
itielf  proportional  to  the  force  tiint  has  aci^  if>  bend  the  spring. 

§  51*  Friction  Brake, — The  dynatnometrical  brake  (Fr.frcin  dij- 
namomStrique  de  M,  Pri>ny}^  h  used  to  measure  the  power  applied 
to,  and  mechanical  effect  produced  bj  a  revolving  shaft,  or  other 
revolving  part  of  a  machine.     In  its  simplest  form,  this  instrument 
conaiata  of  a  beam  *^W,  Fig,  108»  with  a  balance  scale  .iG;  and  of 
two  wooden  segments  D  and  KF,  which  can  be  tightened  on  the 
revolving  axis  C,  bj  means  of  screw-bolts  EH  and  FK.     To  mea-. 
sure,  by  means  of  this  arrangement,  the  power  of  the  axia  C  for  a^ 
given  number  of  revoluiionsj  weights  are  laid  in  the  scale,  and  the, 
screw-bolts  drawn  up  until 

the  shaft  makea  the  given  Fig,  io§. 

number  of  revolutionaj  and 
the  beam  maintains  a  ho- 
rizontal  positron,  without 
support  or  check  from  the 
blocks  L  or  R,     In  these 
circumstances    the    whole 
mechanical  effect  expend- 
ed is    consumed  in  over- 
coming the  friction  between  the  shaft  and  the  wooden  segments,  ami 
this  mechanical  effect  is  equal  to  the  work  or  useful  elTect  of  the , 
revolving  shaft.     As^  ftga-in,  the  beam  hangs  freely,  it  is  only  the 
friction  F  acting  in  the  direction  of  the  revolution  that  counter-  ^ 
balances  the  weight  at  G,  and  this  friction  may  be  deduced  from  the 
weights.     If  we  put  the  lever  CM  of  the  weight  G  referred  to  the- 
axis  of  the  shaft  s  a,  the  statical  moment  of  the  weight,  and  there- 
fore also  the  moment  of  the  friction^  or  the  friction  itself  acting  with 
the  lever  equal  to  unity  ^  Ga^  then,  if  *  represent  the  angular  ve- 
locity of  the  shafts  the  mechanical  effect  produced  L^  Fv  ^  Ga  ,  t. 
=  #  a  G  per  second. 

If,  again^  u  =  the  number  of  revolutions  of  the  shaft  per  minute, 

then  t  e=  ^^1^  =  %-  ,  and,  therefore,  the  work  required  L=  !L^  G, 

The  weight  G  muat  of  course  include,  not  only  the  weight  in  the 
scales,  but  the  weight  of  the  apparatus  reduced  to  the  point  of  sus- 
pension. To  do  this,  the  apparatus  is  placed  upon  a  knife*edge  at 
-D,  and  a  cord  from  A  attached  to  a  balance  would  give  the  weight 
required. 

The  friction  brake  as  represented  in  Fig*  109,  with  a  cast  iron 
friction  ring  DEFh  a  convenient  form  of  this  instrument.  This 
ring  is  fastened  by  three  pairs  of  screws  on  any  sized  shaft  that  will 
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paa9  through  the  ring.     For  the  wooden  segment  an  iron  hand  is 

substituted,  eiDbracing  half  the  circum- 
ference of  the  iron  ri^g.  The  band 
ends  in  two  toUs  passing  through  the 
beam  *iB^  and  may  be  tightened  at  will 
by  means  of  screw  nuts  at  H  and  A". 

To  hinder  the  firing  of  the  wood,  or 
excessive  heating  of  the  iron,  water  is 
continually  supplied  through  a  small 
hole  L.  This  apparatus  is  known  in 
Germany  as  *'Egen'8  Friction  Brake.*' 

Eiampt4.  To  determine  the  meeluwiiettl  effect  produced  by  a  wat«f  whe«J,  ft  frktion 
hmke  was  plnced  on  the  ilmft,  and  when  tbe  water  let  on  had  been  perfectJf  r^^utated 
fof  si  it  tevohitKJfii  per  minute,  the  weight  G  incj  tiding  the  reduced  weight  of  the  inatni^ 
merit  waft  530  lbs.,  the  levetttge  of  tbia  weight  wiis  a  ^  1Q,S  feet.  From  ihete  c^imnti- 
tiM  we  deduce  ibe  c^aci  given  off  by  tJie  watec  wheel  to  hare  been : 


.  6  ■  IQ,5 
30 


030  «  3497  a  lbs.  =  6,3  borte  power. 


§  52*  In  more  recent  cases,  various  fonns  of  friction  brake  have 
been  adopted^  some  of  them  very  complicated.     The  eimplest  we 

know  of  is  that  of  Armstrong, 
Fig,  110.  shown  in  Fig,  110,    This  con- 

gists  of  an  iron  ring^  which  is 
tightened  round  the  shaft  by 
a  screw  at  B^  and  of  a  lever 
AUE  with  a  scale  for  weight 
G  on  one  side,  and  a  fork- 
shaped  piece  at  the  other, 
which  fits  into  snuggs  project- 
ing from  the  ring*  There  is  a 
prolongation  of  one  prong  of  the  fork,  by  which  the  weight  of  the 
instrument  itself  can  be  counterbalanced,  and  which  is  otherwise  con- 
venient in  the  application  of  the  instrument. 

Navier  proposed  a  mode  of  determining  the  effect  given  off  at  the 
circumference  of  a  shaft  by  laying  an  iron  band  round  the  shaft, 
attaching  the  one  end  of  this  to  a  spring  balance,  the  other  end  being 
weighted,  so  that  the  friction  on  the  wheel  causes  a  resistance,  in 
overcoming  which  only  the  required  number  of  revolutions  take 
place.  The  difference  of  this  weight  Q  and  that  indicated  by  the 
spring  balance  P,  is  of  course  ^  the  friction  F  between  the  shaft 
and  the  band.  If  then  p  be  the  circumference  of  the  shaft,  and  n 
the  number  of  revolutions  per  minute,  the  effect  produced 

60       tlO^  -^ 

When  a  spring  balance  cannot  be  obtained,  a, simple  band,  a^ 
ahown  in  Fig,  1 11,  ia  sufficient  for  the  purpose,  if  the  experiment  be 
made  twice,  and  the  end  B  be  fastened  to  an  upright  or  other  fixture, 
first  on  the  one  side  and  then  on  the  other  of  the  shaft.  In  this  way 
one  experiment  gives  us  Q  =  P  +  /",  and  in  the  other  Q  ^  i*, 
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beeauae  io  tte  one  case^  the  friction  /"  acting  in  the  directiou  of 
the  revolution  of  the  shaft, 

cotuiteraets     the     weight  Fin  in. 

banging  in  the  male  on 
the  end  ^,  and  in  the  other 
it  aeti  with  this  friction 
For  thia  arrangement,  u&ed 
by  the  author  in  many  ex- 
periments, the  mode  of  cal- 
enlation  aheady  explained 
applies  precisely-  As  the 
power  has  only  a  small 
leverage  in  this  arrange- 
ment, it  is  only  suitable  for 
0a8€B  in  which  the  effort 
exerted  is  smwlK  The  strain  on  the  band  may  b©  multiplied  by  means 
of  an  uneqtial-armed  lever  attached  at  *4,  instead  of  the  direct  appli- 
cation of  the  weight  in  the  Bcale.  The  author  has  successfully  applied 
a  leverage  of  10  to  1  in  this  way-  In  order  to  avoid  the  objectionable 
increaae  of  friction  of  the  axle  or  gudgeons  induced  by  this  appa- 
ratna^  the  hand  may  he  made  to  pasa  round  the  abaft,  carrying  the 
one  end  upwards  and  the  other  down. 

Hemark.  Egeu  ir*«ia  of  ibe  (UflereiH  forms  of  dynamometer  in  Kit  wort,  entitled 
**  tliiierAuehuttKen  dber  den  Effect  eifiigt*r  Washer wijrkje,  &ix,"  am!  Hutiwe,  in  iirtic?Ie 
Bremstfynnmomeief  in  (he  "  Allgeinemen  MR«c:hii>enenejrclo|jadip/'  JnmeA  White,  oi 
M«netie$ter,  ioventetl  the  fnctitm  brake  in  1808*  See  Hnchetie  ^  Traii*^  el^ment«i«  ttei 
Maclitnc%  p.  ^60,''  Prony's  oriirinul  paper  is  tn  the*  "AonDles  di*B  Minei^  1826.  There 
If*  rem«rke  oti  iu  iife  in  the  writings  of  Poncelet  Mrid  Morin,  worthy  attention.  W,  0. 
Arm^troog*  fjaper  i^  in  the  ** MecJinnicr *  MnjEi^kie."  voL  imi.  p.  53L  Weiftl«KU'» 
(itperi  on  tLe  friction  band,  in  the  ^' PoL/iechnisliea  Ctjnirnl  Bidtt/*  1S44, 
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OP  AmUkL  POWERj  AI^D  ITS  RECIPIEKT  MACflmEi, 

53,  The  Power  of  Animah. — ^The  working  power  of  animals  is, 
of  course  J  not  only  different  for  individuals  of  different  epecie«»  hut 
for  animals  of  the  same  species*  The  work  done  hy  aniroala  of  the 
same  epecies  depends  on  their  race^  age,  temper,  and  management, 
as  well  aa  on  the  food  they  get,  and  their  keeping  generally,  and 
ilea  on  the  nature  of  the  work  to  which  they  are  applied,  or  the 
mmmer  of  putting  them  to  their  work,  &c.  We  cannot  discuss  thea« 
different  points  h^e,  but  for  each  kind  of  animal  employed  by  man^ 
we  shall  assume  as  fair  an  average  specimen  as  possible, — that  the 
animal  la  judiciously  applied  to  work  it  has  been  used  to  perform, 
and  that  its  food  is  suitable.  But  the  working  capabilities  of  ani- 
depend  also  on  the  effort  they  eiert^  and  on  their  speed,  and 
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on  the  timednring  wluch  they  contmue  to  work.  There  is  a  certain 
mean  effartj  Jp^^j  and  lengtn  of  ihift  for  which  the  tffork  done  is  a 
maximum.  The  greater  the  effort  an  animal  has  to  exert,  the  less 
the  yelocitj  with  which  it  can  moye,  and  vice  vertd.  And  there  is  a 
maiimnm  effort  when  the  speed  is  reduced  to  nothing,  and  when, 
therelbre,  the  work  done  is  nothing.  It  is  eyident,  therefore,  that 
animal  powers  riionld  work  with  only  a  certain  Telocity,  exerting  a 
certain  mean  effort,  in  order  to  get  the  maximum  effect;  and  it  also 
appears  that  a  certain  mean  lensth  of  shift,  or  of  day*9  work^  is  ne- 
cessary to  the  same  end.  SmaU  deyiations  from  the  circumstances 
corresponding  to  the  maximmn  effect  produced,  are  proyed  by  long 
etperience  to  be  of  little  consequence.  It  is  also  a  matter  of  fact 
that  animals  produce  a  sreater  effect,  When  they  work  with  variable 
dforts  and  yelocities,  than  when  the^e  are  constant  for  the  day. 
Also  pauses  in  the  work,  for  breathing  times,  makes  the  accomplish- 
ment of  the  same  amount  of  work  less  fatigumgj  or  the  more  the 
work  actually  done  in  a  unit  of  time  differs  from  the  mean  amount 
of  work,  the  less  is  the  fatigue. 

The  main  point  to  be  attended  to  in  respect  to  animal  powers  is 
the  ^^  day' 9  work.''  K  this  be  compared  with  the  daily  cost  of  main- 
taining the  animals,  and  interest  on  capital  inyested,  we  haye  a  mea- 
sure of  the  value  of  different  animal  powers. 

§  54.  The  manner  and  means  of  employing  the  power  of  men  and 
animals  is  very  different.  Animal  powers  pr^uce  their  eflfects  either 
with  or  without  the  intervention  of  machines.  For  the  different 
means  of  employing  labor,  the  degree  of  fatigue  induced  is  not  pro- 
portional to  the  work  done.  Many  operations  fatigue  more  tnan 
others;  or  what  amounts  to  the  same  thing,  the  mechanical  effect 
produced  is  much  smaller  in  some  modes  of  applying  labor  than  in 
others.  Again,  all  labor  cannot  be  measured  by  the  same  standard 
as  is  involved  in  our  definition  of  mechanical  effect.  The  work  done 
in  the  trapsport  oF  burdens  on  a  horizontal  road  cannot  be  referred 
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for  7  hours  daily  with  a  speed  of  2,4  feet  per  Becond^  and,  there- 
fore, produces  daily  the  quantity  of  work  =^  85,5  ,  2,4  ,  7  •  60  •  60 
«  5',171000  ft.  lbs*,  neglecting  his  own  weight, 

A  horse  will  carry  256  lbs.  for  10  hours  daily,  walking  3  J  feet 
per  second,  so  that  iu  day's  work  amounts  to  256  .  3,5  .  10  .  60  . 
60  »  32^256000  ft.  lbs.,  or  more  than  6  times  m  much  as  a  man 
doing  the  same  kind  of  work.  If  the  horse  carries  only  171  lbs*  on 
his  back,  he  will  trot  at  7  feet  per  second  for  7  hours  daily^  and  the 
work  done  in  this  case  is  only  171  -  7  •  7  .  60  ,  60  —  30164400  ft, 
lbs.  daily. 

The  amounts  of  work  done  in  raising  burdens  is  much  smaller, 
for  in  this  case  mechanical  efect^  according  to  our  definition,  is 
produced,  or  the  gpace  «  described  m  the  direction  of  tJie  effort 
exerted. 

If  a  man,  unburdened,  ascend  a  flight  of  st^ps,  then,  for  a  day's 
work  of  8  hours,  the  velocity  meaaur^  in  the  vertical  direction  is 
0,48  feet  per  second ;  therefore,  the  amount  of  work  done  daily 
«  140  •  0,48  <  8  ,  60  .  60  —  1'935000  ft,  lbs,  It  thus  appears  that 
a  man  can  go  over  12|  times  the  space  horizontally  that  he  can  ver- 
tically. 

In  constructing  a  reservoir  dam,  the  author  observed 
that  4  practised  men,  raised  a  dollyj  Fig.  112,  weigh*  ^>k-  na. 
ing  120  lbs.,  4  feet  high  34  times  per  minute,  and  after 
a  9pell  of  260  seconds,  rested  260  seconds;  so  that,  on 
the  whole,  there  were  only  5  hours  work  in  the  day. 
From  this  it  appears  that  the  day's  work  of  a  man 

-  i^  .  4  .  34  .  5  .  60=x  1^224000  feet  lbs. 
4 

flliiPiMi  4  L  tn  the  '^fngenieur/'  there  Is  il«taiLed  informaciOTi  on  the  work  doD^  hf  ani- 
nnl  power.  In  Ihe  sequeJ^  the  effect  produced  by  animals  by  aid  of  macktnea  ii  given 
§tm  nfib  machioe  re«p«cUTely. 

Bmmrk  %,  The  elftsct  produced  by  men  itnd  animals  b  far  from  being  ac»:umtely 
ftfoertajtiftd.  The  edect  produced  by  men  working  under  di«adviintageou»  circumstitnce«t 
or  by  unpmctjced  Uiborerft,  is  not  one.haLf  of  ttial  pioduced  by  wetl-lrained  haadA,  Co»' 
iDinb,  in  his  ''TheorLe  dei  Maeblnes  simptei,'^  iret  eniertd  on  InveAtigatiorti  of  the  effect 
of  anitnaJ  powers,  De«agui!ieri  ("CourB  de  Physique  expert  me  niate,'*)  and  SchuJ^e 
i^  Abb&ndlunireii  der  Berliuer  Akademie/')  had  previously  owupied  lhemielve«  wiih 
the  nibjecL  Many  experiments  Imve  been  mnde  and  recorded  in  mora  recent  iinnes. 
See  Hacliette,  **Traii^  ^S^meniaire,  hc^'  Morin,  *■  Aide  Mi^ryiolrCj"  Mr*  FieJd  in  the 
■*  Trart^ctions  of  the  Instiiutioti  of  Civii  EngineerBj  Londotij'*  Sim'i  **  Practicftt  Timnei- 
io^"*  mad  Gerttner'i  ""Mechiiuil^"  Bond  L 

I  55.  jFar?wu?a*,— Effort  and  velocity  have  a  very  close  depend- 
enee  in  tbe  application  of  animal  power;  but  the  law  of  their  de- 
pendence is  by  no  means  known,  and  is  still  less  deducible  d  prion* 
The  following  empirical  forraulaSj  given  by  Enler  and  Bouguer,  are 
only  to  be  considered  aa  approximations.  If  K^  be  the  maximum 
effort  which  an  animal  can  exert  without  velocity,  and  i?,  the  greatest 
velocity  it  can  give  itself  when  unimpeded  by  the  necesaity  of  ei- 
traneooft  effort,  we  have  for  any  other  velocity  and  effort : 


aeeordkig  to  Bouguer  :  P  i 


(>_i)x„ 
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according  to  Euler 


Euler :  P 

The  first  of  these  is  the  most  simple,  and  that  which,  according  to 
Gerstner,  corresponds  best  with  observation.  According  to  Schnlze'a 
observations^  on  the  other  hand,  the  last  formula  appears  to  be  most 
consistent  with  experiment.  If  we  draw  v  as  abscissa,  and  P  as 
ordinates  to  a  curve,  the  first  formula  corresponds  to  a  straight  line 
jfB,  Fig.  113,  the  second  with  a  concave  parabolic  curve  JiP^By  and 
the  third  with  a  convex  parabolic  curve  J^P^B^  and  the  ordinates 
JWPj  of  the  straight  line  always  lie  between  the  ordinates  MP^  and 
MP^  of  the  two  parabolic  curves.  The  abscissa  OM^  for  example, 
«  r  s=  J  ej  corresponds  to  the  ordinates  MP.  =  J  iC  =  |  0*/J,  also 
MP^^  I  K^  f  OA,  and  MP,^  |  K^  \  OJ. 
The  formula  of  Bouguer,  therefore,  gives  values 
of  the  effort  which  lie  between  the  values  given 
by  the  two  formulas  of  Enler ;  and  we  may, 
therefore,  make  use  of  Bouguer's  formula  until 
some  special  reason  for  adopting  Euler's  for- 
mula be  adduced.  If  we  introduce  into  Bou- 
guer' s  formula,  instead  of  the  maximum  values 
'  '    A',  and  c^  the  halves  of  these,  or  their  mean 

values  A'=i  K^,  and  c?  =  J  c^  we  get  a  formula  first  applied  by 
Gerstner: 


FiiE.H3. 


P-(l-i)^K.orP.(,-l)K, 


and  inversely,  v 


Although  this  formula  can  be  but 


little  depended  upon  as  accurate  for  extreme  values  of  v  and  P,  yet 
it  may  be  presumed,  that  for  values  not  very  different  from  the 
mean,  they  are  sufficiently  near  for  practical  uses*  The  mechanical 
efi^ect  produced  per  second  would  follow  from  this : 

Pf>^(2  —  -\vK.    Ab{2  —  1)vK  =  {2c^v)^~, 

the  mechanical  effect  is  a  maximum,  as  in  Vol,  I,  §  386,  when  v  «  c, 
or  when  P  =  A',  or  when  the  velocity  and  effort  are  mean  values, 
Pv  =  Kc.  If  we  try  to  get  a  greater  or  less  velocity,  or  a 
greater  or  less  effort,  we  get  an  effect  X«  Pv  less 
than  Kc.  If  we  set  off  the  velocities  as  abscisses, 
and  the  amounts  of  mechanical  effect  produced  as 
ordinates,  we  get  as  the  projected  curve  a  para* 
bola  ADB^  Fig.  114 ;  and  it  is  evident  that  not 
only  for  abscissa  JM  <  J?C,  but  also  for  *^M^  > 
BC,  the  ordinates  MP^  •^iPj,  are  less  than  for 

the  abscissa  JiC^c*  For  v ^  - .  as  also  for  tf  »  J 
Cf  it  follows  from  the  above  that  i,  =  |  Kc  ss  J  CD, 


Ip  e 


Fig.  IH, 
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According  to  (}eratner,  the  following  table  represents  the  draught 
of  udmftla  applied  properly  to  draw  by  traee$. 


Mean  ef* 

fort  JTio 

Iba. 


Mean  ipeedl  Mean  period 

c  in  feet  per  uf  dar't  work. 

■eoond.     |       Houm 


Effect  pio> 

dooed  p.  leo. 

initlbe. 


Daily  effect 
feetlbe. 


Man 

HOTM 

Qz    . 
Am  . 

Mule 


150 
600 
600 
360 
600 


30 
130 
120 

72 
100 


2,5 

4 

2,5 

2,5 

3,5 


75 
480 
300 
180 
350 


2^160000 

13^824000 

8^640000 

(/184000 

laosoooo 


F%mmU  1.  According  to  the  aboTe  table,  a  man  working  with,  an  efibrt  of  30  Ibe., 
and  mean  vekxsity  of  Qi  feet  per  second,  produces  in  a  day  an  amount  of  mechanical 
effect  represented  by  2^160000  feet  lbs.    If  be  be  urged  to  work  at  3  feet  per  second, 

theeflbrtwillbereducedtoPM^2 L^  30m24  Ibs^  and  his  daily  eifect  would 

only  be  24  .  3  .  8  .  60  .  60^2^073600  feet  lbs. 

Eiumpk  2.  If  a  horse  be  obliged  to  draw  with  an  efibrt  of  160  lbs.,  it  can  only  be 

done  with  a  yekwity  0m(2 )  4ib3  feet  per  secood,  stud  thus  hii  efleeiive 

\         120/ 
work  is  reduced  to  only  3  .  150  ib  450  feet  lbs.  per  second. 

Amorfc.  Fourier,  in  the  Jfrnaka  dm  Prate  H  CktmitSta,  1836,  gives  a  complicated  fer- 
mnla  for  the  t^hct  produced  by  horses.  See  also  Crelle's  Jomrmd  dw  BnkmmAy  Bknd 
jui.1838. 

S  56.  Work  datu  Ig  aid  of  Maehtnei.—K  we  follow  Gerstner's 
notion,  that  the  period  or  time  of  each  $h\ftj  or  day's  work,  has  the 
same  inflnence  on  the  amount  of  work  d(me  as  the  velocity,  we  must 
then  put  for  the  eflfort: 

and  from  this  we  get  the  daily  effect  produced: 

There  can  be  no  doubt  that  the  effect  produced  is  a  maximum, 
that  is  IB  Kcty  when  the  animal  is  made  to  work,  not  only  with  a 
mean  velocity  and  effort,  but  also  when  the  time  of  work  is  kept 
within  the  mean  for  this.  It  is  to  be  kept  in  mind,  however,  that 
this  formula  only  applies  when  the  values  of  o,  z,  and  P  do  not 
differ  widely  from  c,  tj  and  K. 

M.  Mascnek,  of  Prague,  recommends  the  expression: 

which  is  certainly  more  convenient  for  calculation.'*' 

Eight  to  ten  hours  per  day  is  a  good  average  day's  work,  and, 

therefore,  the  factor  /  2  —  -\  may  generally  be  neglected,  or  the 
day's  effect  may  be  written  Lwm  ^2  —  ^\  K  v  z.      If,  however,  an 

*  Neue  Theorie  der  raenschlichen  und  thieriachen  Kr&fte,  &c.,  vod  F.  J.  Maschek,  Prag. 

11* 
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animal  be  applied  to  a  machine,  its  effort  P  would  be  divided  into 
an  effort  P^  for  doing  the  work,  and  an  effort  P,  for  overcoming  pre- 
judicial resistances,  or  P—  P,  +  P,*  both  resistances  being  reduced  to 
the  point  of  application  of  the  effort.  It  is  also  usual,  as  we  shall 
learn  in  the  sequel,  to  find  the  prejudicial  resistances  P,  composed 
of  a  constant  part  jR,  independent  of  the  strain  on  the  machine,  and 
a  part  h  .  Pj,  proportional,  or  nearly  so,  to  the  useful  effect  produced 
or  work  done,  where  h  is  co-efficient  derived  from  experiment,  thus 
PjOBjK  +  a.Pj;  and,  therefore, 

Pn=(H.  «)  P.-h  ii;  and  again  (2  — -)  iif  =  (1 +  «)  Pi+ li. 

The  total  effect  produced  per  second  is,  therefore, 

Pv^(2  —  ^^\Kv^{l  +  i)P,v  +  Rv. 

and,  therefore,  the  useful  effect  produced : 

{2K—R)v—^ 

That  this  effect  may  be  the  greatest  possible  (see  previous  para- 
graph), we  must  have  t?  =  j/2  —  1^)  ^  ""  (1  —  ~ovr^  ^^  *^®  ^^'^ 

city  less  than  the  mean  velocity;  and  so  much  the  less,  the  greater 
the  constant  part  of  the  prejudicial  resistance  is.  The  effort  corre- 
sponding would  be,  according  to  this : 

or  greater  than  the  mean  effort.      The  useful  resistance,  on  the 


if+f. 


other  hand,  is  Pj 


K      ^ 

T+T 


The  total  effect  produced  is: 


THE  LEVER. 


Etmark.  Getmner  reduces  tUr  calc*ilaiioii  of  the  ef^t^ct  of  unimal  po«*er  to  mutk)n  on 
Bn  ini^liniKl  pliine.  If  G  be  tUe  weight  of  the  aaimal,  P  the  elfort  e^ertedt  niid  a  ih^ 
»ngle  Of  incli nation  of  the  in*: lined  piBne?,  upon  which  the  moving  powei  aat'cnda  with 
its  Jowi,  then  the  effort  is  P4*  G  nrt.  *  (fee   rAeor^  of  Intliiud  FltiM,  Vol,  L  §  134),  aiitl 

hme^  f^^-f  ^^ P+  G fiV  A.    Heijoe,  we htw  4be  lo«4  wiih  which  an  animal 
can  aaceiid  an  iikcLined  plane,  and^  oonversety^i  the  incliaatioti  oorre>potiding  to  a  given 

lMd|  via,:  tm,  «  ^ ^^ ,  ihui  when  P^0|  and  e  ^  c,  or  when  the  animal 

r 


has  no  redstanoe  to  ctvetcmoe,  and  goes  with  the  mean  Telocitj  iin.  m  t 


Buti  the 


Fig.  lU. 


weight  of  an  animal  is  almost  alwnya  fire  times  as  great  as  the  mean  egbrt  it  can  exert, 
thettfote  tm,  «s=|  and  a  =s  Ui**is  tlie  angle  of  Lndi nation  of  a  plane  which  an  animnl 
run  a§cend  with  the  mean  amount  of  exertion  and  fatigue*  This  oorfes ponds  to  a  rise 
of  one  foot  in  five  feet^  or  nearly  eo, 

I  57.  The  Lever. — Animal  powers  are  applied  to  work  bj  means 
of  the  lever  or  the  wheel  and  axle.  The  latter  are  either  horizontal 
or  verticaL  We  shall  first  speak  of 
the  lever  as  a  machine  for  receiving 
(and  transmitting)  animal  power.  The 
general  theory  of  this  machine  is  known 
from  VoL  L  §§  126,  127,  and  170, 
The  lever  is  either  single  as  ACB^  Fig, 
115,  ordooble,  as  JCB^,,  Fig,  116 ;  the 
one  has  only  one  arm  for  the  applica- 
tion of  the  power  CjI^  whilst  the  other 
has  two  arms  C^i  and  C^|.  The  lever 
produces  an  oscillating  circular  motion,  and  is,  therefore,  chiefly 
applied,  when  a  reciprocating  up  and  dawn  motion  is  desired,  as  in 

Fig.  IIG. 


pumping.  Handles,  suited  to  the  number  of  hands  to  be  applied, 
are  affixed  to  the  lever.  As  the  strength  can  be  better  exerted  in 
pulling  downwards  than  in  lifting  upwards,  it  is  usual  to  make  the 
down-gtroke  the  working'^troke^  anil  connter-balances  are  attached  so 
as  to  aid  the  workmen  in  tlie  tip-mtroki^  or  the  double  lever  m  usedj 
on  which  the  workers  alternately  pull  downwards.  When  the  down- 
stroke  is  the  effective  stroke,  ropes,  hanging  from  the  end  of  the 
lever,  are  frequently  substituted  for  handles.  Levers  are  sometimes 
moved  by  the  tread  of  the  feet* 

That  there  may  not  be  too  great  a  change  of  direction  during  a 
strokei  the  lever's  motion  is  confined  to  an  arc  of  not  more  than 
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60^,  and,  in  order  to  facilitate  the  eiertione  of  the  power,  the  space 
passed  through  at  each  stroke  is  kept  proportional  to  the  length  of 
arm  of  the  workers,  or  at  from  2  J  to  3|  feet.  Again,  the  handles 
should  not  come  within  from  3  to  3^  feet  from  the  floor*  According 
to  experience,  men  work  8  hours  per  day,  exerting  an  cflFort  of  k 
=  10,7  lbs,  on  the  end  of  a  lever,  with  a  velocity  c  ™  3,6  feet. 
Therefore,  the  mechanical  effect  produced  by  a  man  applied  to  a 
lever^  as  in  pumping,  is  per  second:  L  =  lOJ  ,  3,6—  87>45  ft,  Ibfc, 
and,  therefore,  the  dap&  tmrk 

^  ^  Kct  =»  3V,45  .  8  .  3600  =  1'078560  ft.  lbs. 

In  putting  up  a  lever,  it  is  necessary  to  take  care  that  the  work- 
men shall  be  applied  80  aa  to  exert  the  ascertained  mean  effort  with 
the  mean  velocity;  or  rather,  that  the  effective  effort  shall  exceed 
the  mean  effort  by  only  one-half  of  the  constant  prejudicial  resistance. 

The  lever  itself  is  subject  to  only  one  prejudicial  resistance,  vi^*i 
the  friction  of  the  fulcrum*  If  R  be  the  pressure  on  the  fulcrum 
arising  from  the  weight  of  the  lever  and  from  the  effort  and  resist- 
ance, f  the  radius  of  the  fulcrum,  y  the  co-efficient  of  friction,  and  a 
the  leverage  CjI  of  the  power,  then  the  axle  friction  reduced  to  the 

point  of  application  of  the  power  Ft^^R;  as^  however^/,  and  also 

a 

-  are  generally  small  fractions,  Fis  so  small  that  it  may  be  neglect- 
a 

ed  in  most  cases,  compared  with  the  other  resistances. 

If  we  suppose  a  useful  resistance  Q  and  a  prejudicial  resistance 

6  Q  +  TF  acting  at  the  point  B^  and  if  we  put  the  leverage  CB  of 

these  resistances  =  6,  the  moment  of  the  effort  becomes: 

Pa—  [(1  +  «)  Q+  ^*i  b,  and,  therefore^  the  effort  itself: 

P  =  -  [(1  +  a)  Q+  TF]-    But,  that  the  power  of  men  may  be  most 

a 

advantageously  applied:  P  ^  iC  +  _  *  __  and,  therefore,  -K 

W 

■»  (1  +  A)  Q  +  —  J  and,  therefore,  the  ratio  of  the  lever  arms 

0  ^  (l  +  <)  Q  +  l  ty  jg  t^,  be  employed. 


RtfrtBTk.  The  arm*  of  the  lever  arc  varitt* 
ble  to  a  oertnin  extent  during  i he  tiro te,  and, 
ihereforet  U  may  be  weU  li>  detenmtie  the 
amount  of  this  vaTmiion. 

If  ihe  mm  CB^  Fig.  1 17,  be  Jioris50i«al  nt 
thp  half-iirokty  at»d  if  ilifl  angle  B,CB^  passed 
through  in  a  stroke  ^0^y  ibe  height  throui^h 
wlijcb  I  he  Teaistitnce  ia  over^me  J^i^^Bi 
^2  bmn^Z,,  andi  iheiefora^  the  niMbftJiieal 

effect  pfoJnced  or  expended  in  one  itroke 

S 
s=2  brin^Z,  .  Q.      |f^  bowever,  the  redflt- 

ance  were  constant  Janng  the  *%wke  at    a 


•     ,1    i  i  >  •  1^    i^ 
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leTerage  CB  ^  h,  the  spice  passed  over  at  each  stroke  would  be  ^  arc  B^BB^  v:  ^  6,  and, 

2  A  tin.?, 
therefore,  the  resistance  would  be«s Qwb    *"*•  ^  ^  .  Q,  and  the  statical  mo- 

mcnt  ^  ^     Q  6.    ConTcrsely,  we  may  assume  tliat  the  resistance  Q  acts  during 

a  stroke  on  the  mean  length  of  arm  ^  ^  *"*•  i  ^     For  0*  wb  GO®  tiiis  lever  k —- 

g  arc.  CU® 

Ea  ^0,955  6,  or  not  quite  5  per  cent  less  than  &  and  fbr  smaller  arcs  of  oscilla- 

1,0472 
tion,  the  difierence  is  still  much  less. 

Ezampk.  What  proportion  of  arms  should  be  chosen  for  a  lever,  that  for  a  useful  re- 
sistance of  160  lbs.  and  a  prejudicial  re»i«taiice  Q,MO,lft  Q-f  5As=sO,l5  .160+55 
m79  lbs.,  four  men  may  work  to  the  best  advantage  f  Kjmz  4  .  10,7  » 42,8  lbs.  there- 
fore -  »  >»t5-igQ+i^^  „ £li£ ^ 4^9.     If  the  resistance  passes  through  1  foot  for 

b  42,8  428 

each  stroke,  the  power  must  at  the  same  time  pass  through  4,9  feet,  and  if  we  take 

the  ang4e  of  oscillation  |9s=50®,  we  get  for  the  suitable  length  of  lever  b^ 

2ftti.£ 
2 

as     ^'^     B  1,183  feet,  and  the  length  of  arm  <ib4,9  .  6as4,9  .  I,183a5,80  ft.    The 
SIM.  25® 

effort  necessary  is  Pb1^^Ii1Z2k  48,78   Ibs^  therefore,  the  efibrt  of  each   man  &■ 

12  J  95  lbs.,  and  the  efficiency 

,  ■»  / 1  _  ^^         V-r  (>— Q^^^^O'  ^  0,657.    We  sec,  therefore,  that  four  men 

V 2  .  4,9  .  42,8/  1,15 

1,15 
capable  of  a  day's  work  each  »  r075860  ft.  lbs.,  or  4'303440  ft.  lbs.  in  ftU,  wonld  only 
produce  0,657  .  4^303440 s  2^800000  feet  lbs.  unfid  effect  with  this  mwshine. 

§  58.   Wtndlasi.  —  The  best  means  of  applying  the  power  of 
men,  is  the  windlass  (Fr.  treuil^  tour;  Ger.  ffaspel).    This  machine 
consists  of  a  horizontal  axle,  at  the  circumference  of  which  the  re- 
sistance acts,  and  of  a  crank,  handle,  or 
fcinchj  Fig.  118,  or  series  of  handles  on  Fig.  118. 

a  wheel,  Fig.  120,  or  of  fixed  or  mova- 
ble levers  (hand-spikes),  Fig.  119.  With 
the  winch,  the  laborers  have  a  continu- 
ous hold  throughout  the  revolution, 
whilst  with  the  wheel  or  hand-spike,  the 
action  is  hand  over  hand,  or  otherwise 
at  short  intervals.  The  winch  is  the 
form  used  for  general  purposes.  The 
wheel  is  applied  principally  in  working 

the  tiller  on  board-ship,  and  the  movable  levers  are  chiefly  used  for 
weighing  anchor  by  means  of  the  capstan. 

That  a  laborer  may  produce  the  best  effect  by  means  of  the  crank- 
handled  windlass,  the  length  of  the  lever  must  not  be  more  than 
from  16  to  18  inches,  corresponding  to  the  length  of  arm  of  the 
laborer,  and  the  axis  of  the  barrel  must  not  be  more  than  36  to  39 
inches  above  the  floor  on  which  the  laborer  stands,  for  men  of  average 
height.  The  handle  of  the  windlass  is  adapted  for  one,  two,  or  more 
men,  according  to  circumstances.    At  m  man  can  work  with  less 
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fatigue  while  pushing  and  presaiog,  than  while  lifting  and  pulling, 
th€  eifort  required  at  each  point  of  a  revolution  of  the  handle  i&  not 


Fl£.  Ud. 


Fig*  jm 


Fij?.  12  L 


equal,  and,  therefore^  it  is  well  in  double-handled  windlasses  to  eet 
the  handles  180°  apart,  and,  when  more  handles  are  applied,  to  di»- 
trihute  them  equally. 

The  day's  work  of  a  man  working  a  windlass  has  been  found  to 
be  1'175040  feet  Iba.  with  a  mean  effort  ir=  17  Iba.,  and  mean  velo* 
city  c  =  2,4  feetj  and  length  of  day  8  hours.  The  calculations  for 
the  windlass  are  the  same  as  for  the  wheel  and  axle. 

If  the  resistance  Q,  Fig,  121,  act  with  the  lever  CB«A»  and  the 
power  P  on  the  lever  C^i  =»  a,  then  Pai=^Qh; 
and,  therefore,  the  power  corresponding  to  a 

given  resistance  is  i*  ■=  ~  Q.    If,  again,  D  be 
a 

the  pressure  on  the  J&umah  or  gudgean%  and 

T  the  radius  of  the  gudgeons  Cfc,  then  Pa  — 

Qb  +fDr,  and  hence  P  —  -  Q  +  -  ./D.   If 

the  resistance  Q,  together  with  the  friction  ^ 

/D,  consist  of  the  useful  resistance  Q„  the 
constant  prejudicial  resistance  W^  and  the  variable  prejudicial  reaist- 

ance  «  Q,  or,  Q^{l  +  a)  Q^+W,  then  P  =  ^  [(!+*)  Qi+  ^n  = 

b    w 

if  +  -  .  — -  and,  therefore,  the  proportion  of  the  winch  and  barrel 

radius  should  be:  ^=  ^    +  )  Vi  +  f g^    ^^g  ij^^  winch  baa  a 

o  K 

prescribed  height  of  16  to  18  inches,  the  leverage  of  the  resistance, 
or  radius  of  the  barrel  is  to  be  determined  by  this,  viz: 

b  =  -r-     V  ^- — ^jf  ill  order  that  the  laborer  may  work  to  the 

greatest  advantage* 

Example.  On  a  two-handled  windlasa  the  reaittanca  U  2O0  tbi^  viz. :  IdO  tb«.  of  ii4«- 
ful  ireiistGince,  and  30  l\»,  coatmnt,  and  t2D  Tba.  variable  prejudicial  imht&ncb.  The 
levQjttge  of  tbe  reiUtatica  U  4  inobis*,  that  of  the  power  18  ii>ctes,  the  mditu  of  the 
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mmal  4  iDcli,  the  ci>*fBc*ent  of  fHeUoo  /^0,1,  and  th©  weight  of  tbe  litrreU  ^e-»  S<i 
lt»- ;  requir«J  the  useful  effect  of  iuch  a  inaebine*     The  wjjole  power  roqaired,  if  tli« 

prewureon  the  joarEwU  be  taken  200+80  =  280  ib«.,  U  P  =  _i  .  2f>0  4-  0,1  — —  .  290 

^  14,44  +  0,5  ^44^94  lb«vi  and,  therefore^,  the  eObri  of  each  Uborer  tnuit  be  22,47  Jhi.» 
ftDdf  tiOOOfding  to  Gerstners  formula,  the  velocity  of  the  i>owerj  or  of  the  handle  of  the 
wiodlaai: 

r  »  ^2  —  -  V  =-  ^2  —  ?5dJ\  *  2,4  B  1,628  feet,  md  tliat  of  the  reti*tanoe : 

uP-s  -  I*  s^  J  .  ],628  =  Oj362  feet,  and  the  UMful  effect  per  ieoond  : 

b 
Q^vs 0,362  .  150^54,3  feet  Ib*^  and  daily ^  t,5C3S40  Tbe^  and  tlie  efficiency  of  ftich 
an  applicBtioQ  of  the  povrer  of  tw^O  laboterfl,  the  day's  work  of  eifib  of  whom  if  iiiuated 


10  be  l,n504Q  ;  1 1 


1,563840 
'2,35UO|*U 


s  0,665. 


Fig.  laa. 


1 59,  Vertical  Capdan, — 
When  the  axia  or  barrel  of 
tte  windlass  is  vertical,  it  is 
tenned  a  capstan,  Fig-  122. 
It  is  chiefly  nsed  on  land 
for  moving  great  weights  a 
short  distance,  or  for  remov- 
ing great  weights,  as  blocks 
of  stone  from  a  quarrj,  or 
for  the  erection  of  obelisks,  &c.     Its  use  on  board-ship  is  well  known. 

The  harse-capgian^  in  its  diflferent  applications  as  the  prime  mover 
of  mill  work,  or  as  a  wkim-gin^  as  it  is  termed,  by  miners,  is  a  modi- 
fication   of    the    windlass 

easily  comprehended.   The  ^^^  ^'^^ 

cattle  employed  in  working 
the  vertical  windlass  or^in, 
go  round  in  a  given  path, 
pushing  or  pulling  at  the 
arm  of  the  machine-  Fig- 
123  shows  the  usual  con- 
fitruction  of  the  whim-gin 
(Fr.  harilel  d  chmaux  ma- 
nage ;  Ger.  Pferdegi^pely 
Handgdpel).  SO  is  the 
axis,  having  a  piv^t  at  O 
reating  in  &fooMep^  ACA^ 
is  the  double  arm  or  lever^ 
with  fork-shaped  ihafti  G^ 
Cj.  These  cross  the  backs 
of  the  horses,  and  the  harness  is  attached  to  them.  The  resistance 
Q  acts  at  the  circumference  of  a  barrel  or  drum,  or  toothed  wheel 
fl,  either  directly  or  indirectly.  The  length  of  lever  la  made  as  great 
as  conveniently  can  be  done,  that  the  animals  may  have  the  largest 
possible  circle  to  move  in.  The  radius  should  not  he  lees  than  from 
20  to  BO  feet.  The  line  of  traction  must  be  as  nearly  horizontal  as 
possible,  andt  therefore,  the  height  of  the  lever  should  be  fixed, 
according  to  the  height  of  the  ammals  working  on  it*     By  the  ar* 
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rangement sbown  ID  Fig*  123,  the  horses  or  other  cattle  work  very 
nearly  at  right  angles  to  the  beam  or  lerer;  but  if  the  horses  be 
attached  by  traces  to  a  cross  bar  and  hook,  the  direction  of  traction 
makes  a  certain  angle  with  the  beam^  becomings  in  fact,  a  chord 
of  the  circular  path, 

From  the  length  of  beam  CJl  ^  a^  Fig.  124,  and  the  length  of 

traces  'AD  ^  d^  the  length  of  levera  of  the 

horses  is ; 


Fig,  in. 


or,  approxiniutely,  i 


a  — 


It  m 


a  re- 


sult  of  experiment,  that  a  man  can  work  eight 
hours  daily  on  the  beam  of  capstan  or  gin^ 
exerting  an  effort  of  25|  lbs.  at  the  rate  of 
1^9  feet  per  second,  and  can,  therefore,  pro- 
duce a  day's  work  ^  25,5  ,  1,9  •  28800=  1'395360  feet  lbs.;  that, 
on  the  other  hand,  a  horse  working  on  a  gin  for  8  hours  dailvj  with 
a  speed  of  2,9  feet  per  second  (a  walk)  can  exert  an  effort  of  95  Ibspj 
or  produce  a  day's  work  =  95  .  2,9  ,  28800  =  T'93440O  feet  lbs. 
The  power  is  to  the  resistance,  on  the  capstan  or  gin,  as  for  any 

wheel  and  axle,  or  P  =  Q  -,  when  b  and  a  are  the  arms  or  leyerages 

a 

of  the  resiatance  Q,  and  power  P  respectively.     The  frictions  at  the 

footstep  and  at  the  periphery  of  the  pivots  at  top  and  bottom  have  to  be 
considered ;  for  these  require  an  increase  of  the  power.     If  G  be  the 

weight  of  the  gin  or  capstan  complete, 
and  Tj  the  radius  of  the  pivot,  the  statical 
moment  of  the  friction  on  the  footstep  =  § 
/  G  rj,  (VoL  I.  §  ITIO  The  point  of  ap« 
plication  of  the  resistance  B^  Fig.  125, 
generally  lies  nearer  the  one  pivot,  than 
the  other,  and  thus  the  pressure  on  the 
two  is  different,  and  their  dimensions  are, 
of  course,  proportional  to  the  strain. 

If  the  point  of  application  of  the  resist- 
ance be  at  the  distance  BO  =  l^^  from  the 
pivot  0,  and  CB  =  l^  from  the  pivot  C,  and  if  the  whole  length  of 
the  upright  shaft  CO  =  f  =  /^  +  t^,  then  the  pressure  on  the  lower 

pivot  l>j  =  -^  Q,  and  the  pressure  on  the  upper  pivot  D^  »  J  Q,  as  is 

manifest  if  we  first  consider  C  and  then  0,  as  the  fulcrnms  of  the 
lever  CBO,     Thus,  the  sum  of  the  statical  moments  of  the  lateral 
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friction  on  the  pivots  ^/  A  '"i  +/  ^t^t ' 
equation  of  equilibrium  for  the  gin,  is 
Pa  =.  Qb  +  if  Gr,  +f  Q 


I 


/Q,  and  the 
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Mtm^rk  1.  Tlie  Application  of  tlie  whim  ^«i,  for  dnwlng  from  mit^et,  it  ir«tti<-d  of  in 
the  thifil  tection. 

Krmark  2.  French  auihon  a»ert  that  a  tiorie.  going  at  a  t70t,ean  work  d»ify  4}  Hnitr«, 
^tiirtiiig  an  rflbrt  of  *Sii  kilog.^63  lb*  at  a  tptmd  of  2  metres  ^6^4}  feel,  and,  fberffiirr*« 
ma  pr^uoe  a  ilajf'i  wark  of  7't)»^fi<X)0  f^ri  lbs.  If  we  appl^  Gerelaer'a  formula*  aiitl 
put  if ^120  llM.tr^4  feel,  tt^ 0,6  feet,  f^S  hours,  ariti  z^4i  houfs.  w«  get  ilie 

power  l>K^2^M^  /s^ii)  .120.60  lb«^  and,  therefore,  the  da/«  works 60 

,  fl,6  .  4,S  .  3600 ^G'4 1 5200  feet  Ilw.,  or  pretty  rieorly  the  restilt  allwled  to.     If,  Kow- 
•ver^  we  take  the  ^ etodty  2^9  fe«i  of  a  walk  b»  ibe  baKiA^  we  get  by  GerBiiner's  (brtnuta 

a  mmh  grrater  eflbrv  tIk:  f  3 — ^-^  J  .  120^  153  Ibi-,  andf  ibereAiire,  the  day'i  work 
(g  boun}  « I3'7785e0  Jba. 

§60*  Tr^ad-wheeh^  or  Tread-milb,  —  The  weight  of  men  and 
cattle  i§  flometiroea  used  as  the  moving  power  of  macbioes>  the  effort 
being  exerted  by  elimhing  on  the  periphery  of  the  wheel.  The 
wheels  consbt  of  two  crown^^  connected  with  an  axle  by  arms,  and 
with  each  other  by  a  fioormg.  The  laborer  treads  either  at  the 
internal  or  on  the  externa!  circumference,  cross  pieces,  as  steps, 
being  provided  for  hia  ateadicr  support  at  intervals  of  1^  feet*     Figs* 


Fiff.  126. 


Fig.  127. 


l^fi. 


126  and  127  represent  the  more  nsual  constructiuu  ut  uead-mUk 

Fig,  128  is  a  eonstrnction  of  wheel 

analogous  to  an  endless  ladder,  but 

n  not  much  used*    On  it,  the  laborer 

is  pkced  at  the  level  of  the  axis,  so 

that  his  weight  acts  entirely,  and  with 

the  radius  CA  =  a  surpassing  that 

of  the  wheel  itself*     In  treacUmills 

the  laborer  is  placed  at  an  acute  angle 

ACK «  a  from  the  sumtnit,  or  the 

bottom  of  the  wheel,  and,  therefore, 

the  leverage  of  his  weight  G,  is  less 

than  the  radius  of  the  wheel  CJi^  <?, 

tiz:  CJf^  a^  =*  Cj^  $in.  CAJ^=  a 

win*  ^     But  then  the  fatigue  of  the 

laborer  on  the  endless  ladder  is  greater  ihau  on  the  trcad-milL 
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the  former  case*  it  is  the  effort  necessary  to  mount  a  vertical  ladder; 
in  the  other^  it  is  that  for  going  up  an  iiiclination  given  by  the  tan- 
gent ^T,  making  the  angle  TjHt^  CjiJV^  a.  The  effort  P  in  the 
ease  of  the  ladder  is,  therefore,  G,  while  in  the  tread-mill  it  is  O 
If  the  resistance  Q  act  with  the  leverage  CB  =  6,  then  for 


sin.  A. 


the  ladder-wheel  Ga  «  QA,  while  for  the  tread-mill  Ga  tin,  a  ^  Q6, 
by  substituting  the  power  or  effort,  as  in  the  wheel  and  axle ;  Pa=  Qb, 
Mathematically  considered,  therefore,  the  tread-mill  gives  no  ad- 
vantage over  the  windlass  or  capstan ;  but  the  laborer  ean  produce 
a  mncn  greater  day's  work  by  the  one  than  by  the  other,  and>  there- 
fore, they  are  often  advantageously  employed*  The  applicatian  of 
four-footed  animals  on  these  wheels  is  inconvenient,  and  not  advan- 
tageous in  any  point  of  view. 

It  has  been  deduced  from  experiment  that  a  man  can  work  near 
the  centre  of  the  wheel,  i.  r.,  near  the  level  of  the  axis  for  8  hours 
daily,  exerting  an  effort  of  128  lbs.,,  and  going  at  0,48  feet  per 
second,  while  he  can  work  for  the  same  time,  exerting  an  effort  of 
25|  lbs.,  and  going  at  2  J  feet  per  second,  when  his  position  is  24^ 
from  the  vertical.  In  the  one  case,  the  dav's  work  amounts  to 
1769000  feet  lbs.,  and  in  the  other  1 '663000  feet  lbs.  Horses  and 
other  cattle  produce  less  effect  oo  such  machines  than  by  means  of 
a  gin.  A  part  of  the  advantage  arising  from  the  use  of  tread-wheels 
IB  lost  in  the  increased  friction  of  their  axles  beyond  that  of  wind- 
lasses or  capstan*  If  w  G  be  the  weight  of  the  laborers,  G,  the 
weight  of  the  machine,  and  if  the  resistance  Q  act  vertically  down- 
wards, the  pressure  on  the  journals  D  ^  n  G  -k-  G^+  Q,  and  if  r  be 
the  radius  of  the  journal^  the  moment  of  friction  =/{n  G+  G,-k-  Q) 
r,  and  the  ratio  of  power  to  resistance  is  i  n  G  a  tin.  ©  =»  Q6  +/ 
{nG+  G,  f  Q)  T, 

If  the  resistance  be  given,  the  angle  of  ascent  may  be  detennined, 
viz.: 

QS-h/(nG-hG,+  Q)r 

n  Ga  ' 

or  the  number  of  laborers 

n  =  QA±/L^L±^, 

G  (a  Jtn,  o — ft) 

Men  work  to  the  greatest  advantage  when  their  effort:  nP=n  G 

h      W 
iin.  a=^n  K  -\ _^  or  when  tin,  *  — 

§  61,  Movable  Inclined  P?arte**— For 
farming  purposes,  in  breweries,  &€*,  the 
arrangement  sketched  in  Fig.  129,  is 
sometimes  applied.  The  horse  or  ox 
works  on  such  an  inclined  plane  for  short 
spells.  The  machine  has  this  advantage^ 
that  the  animal  may  be  left  without  a 
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driver.  The  action  of  the  animalB  is  in  every  respect  the  same  as 
in  tread-mills,  when  they  work  near  the  horisontal  radins.  The 
machine  consists  of  a  shaft  JBO,  the  axis  of  which  is  inclined  20°  to 
25°  from  the  vertical,  and  of  a  plane,  from  20  to  25  feet  in  radios, 
set  at  right  angles  to  the  shaft,  and,  therefore,  having  an  nlination 
of  20°  to  25°  to  the  horixon.  If  the  animal  moving  the  machine 
work  at  a  distance  C/fi^a  from  the  axis  of  the  shaft,  and  if  the 
anple  of  inclination  of  the  plane,  or  the  inclination  upon  which  the 
animal  may  be  supposed  to  be  moving i*  a,  then  the  power  P^  G 
sm.  •,  and,  therefore,  the  moment  of  rotation  «  Pa  i*  6a  tin.  o. 

If  the  resistance  be  applied  with  a  leverage  &,  its  moment  is  Q  &; 
and  if  6j  be  the  weiffht  of  the  machine  when  in  work,  and  r  be  the 
radius  of  the  pivot,  the  moment  of  friction  on  the  footstep  i*  }/( 6 
4-  G|)  €09.  m  .  r,  and  the  moment  of  friction  on  the  jperiphery  of  the 
piyotsi*/  f  6-f  6j —  Q)  tm.  o  •  r;  because  the  weight  6+  6^  re- 
solves itselt  into  the  comj>onents  (6+  6^)  eo%.  o,  in  the  direction  of 
the  axis,  and  (6+  6^)  9m.  «,  in  tne  direction  of  the  inclination  of 
the  plane,  whilst  Q  acts  in  the  opposite  direction  to  this  latter. 
Whence  follows 

G  a  9in.  o—  Q  {h—fr  tin.  a)  +/(G  +  G,)  (|  eo9.  a  +  nn.  •)  .  r. 

Enmfh,  How  tamny  nen  sre  required  to  be  pat  apon  ■  treBd-raill  of  30  feet  diame- 

Hr,  in  ondar  to  niie  a  weight  of  900  Ibt^  aoting  with  ■  levenge  of  0,8  feetf    If  we 

ettinuite  the  weight  of  the  wheel,  and  its  load  at  dOOO  Ibt^  and  taking  the  radios  of  the 

pivot  at  2}  inches,  and  the  coefficient  of  fUction  at  0,075,  then  the  statical  moment  of 

the  leristanoe  «0,8  .  000  4- 0,075 .  A .  50U0  IB  720  +  78  «B  798  feet  Ifas^  and,  therefore, 

798 
the  power  at  the  droumferenoe  of  the  wheel  ^  —  ^  79,8  lbs.    A  laborer  placed  24® 

back  ftom  the  summit  of  the  wheel,  exerts  an  eflbrt  of  25f  lbs.,  and,  therefore,  the  num- 

79  8 
bar  of  men  required  is  _!-.«  3.     These  men  could  preduce  3  .  1663000^4989000 

feet  lbs.  per  daf  of  8  hours,  and,  therefore,  they  could  raise  the  weight  Q  daily  through 

4Mfi000 

— -_ — '«  5890  feet  high ;  or,  supposing  the  k)ad  had  to  be  raised  only  200  feet  high, 

5980 
the  three  men  could  raise  I —  ih  30  times  900  lbs.  to  the  height  of  200  feet. 
200 


CHAPTER    III. 

ON  COLLECTING  AND  LKADING  WATER  THAT  18  TO  SERVE  AS  POWER. 

§  62.  Water^efrnduiU. — ^Water  that  is  to  serve  as  power  (Fr.  Teau 
motriee;  Crer.  Auf9ehlagewa99er),  to  be  applied  to  machines,  is  col- 
lected from  streams  and  rivers,  or  from  springs.  In  most  cases  the 
machines  have  to  be  erected  at  some  distance  m>m  the  point  at  which 
the  water  can  be  collected,  and  must  be  led  to  the  machine  in  what 
is  termed  the  had  or  Ute^  or  VMUerH:onduity  or  water^our9e. 

The  lead  may  either  be  an  open  channel  or  canal  (Fr.  canale9y 
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rigoks)^  or  it  may  be  a  close  pipe  (Fr.  tuyaux  de  eonduite;  Grer; 
RdhrenleUungen).  Pipes  are  best  adapted  for  smaller  quantities  of 
water.  They  have  this  great  advantage,  that  they  may  be  led  in 
any  way  within  the  hydraulic  range  of  variation  of  level,  whilst 
canals  as  letes,  must  have  a  continuous  fall.  Valleys  and  hUls  may 
often  be  passed  by  pipes  without  trouble  or  expense,  while  the  open 
channel  requires  the  cutting  of  drifU  or  tunneUj  and  the  erection  of 
€tqueduet%. 

§  68.  Dams. — The  vis  viva  of  running  waters,  of  brooks  and  rivers 
having  velocities  of  from  1  to  6  feet  per  second,  is  seldom  sufficient 
to  allow  of  their  direct  application  as  power  to  drive  machines.  To 
increase  the  vis  viva,  or  to  bring  the  weieht  of  the  water  into  action^ 
it  is  necessary  to  dam  it  up  to  create  a  head  or  fall  (Fr.  ehtUe;  Oer. 
GrfdlU).  Water  is  dammed  up  by  weirs j  damSj  or  bars  (Fr.  barrages  ; 
Ger.  Wehre). 

Weirs  are  either  overfall  weirs^  or  they  are  sluice  weirs.  Whilst 
in  the  former  the  water  flows  freely  over  the  saddle-beam  dH,  or 
highest  edge  of  the  weir,  in  the  latter  movable  sluice-boards  dam  the 
water  above  the  summit  of  a  weir,  which  may  be  either  natural  or 
artificial.  The  overfall  weir  is  usually  laid  down  with  the  view  of 
constraining  a  portion  at  least  of  the  water  of  a  river  or  stream  to 
enter  a  side  canal  above  it,  or  a  lete  by  which  it  is  conducted  to  the 
machine  by  which  the  power  of  the  water  is  to  be  applied;  and  the 
sluice  weir,  is  used  when  the  object  is  to  get  an  increased  vis  viva  to 
the  water,  which  is  then  directly  applied  to  a  machine  immediately 
below  the  weir. 

In  large  rivers,  dams  are  frequently  built  to  occupy  only  a  part 
of  the  width  of  the  stream.  These  dams  are  termed  incomplete  wiers, 
in  contradistinction  to  complete  weirs,  which  are  laid  from  side  to 
side  of  the  stream.  The  piers  of  bridges  are  examples  of  incomplete 
weirs  (Fr.  barrage  discontinus ;  Ger.  Lichte  Wehre)^  contracting 
the  paagage  for  the  sir  earn  to  a  certain  extent. 
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fijted  by  law  or  prescription  according  to  a  standard  peg,  or  mark } 
any  alteration  of  which  is  an  offence  liable  to  penaltif^s  (^^e,  in  refe- 
rence to  the  English  law  on  this  subject^  *^Fonblaot|U€  on  Equity*'). 
The  peg  generally  has  a  tcale  attached  to  it,  by  which  the  supply  of 
water  may  be  read  off  at  a  glance. 

The  water  flowing  over  an  overfall,  or  tbroagh  an  incomplete 
weir,  acquirei  a  waving  eddying  motion,  the  action  of  which  is  very 
severe  on  the  bed  of  the  river  immediately  below  the  weir,  so  that 
particolar  arrangements  have  to  be  made  iti  the  erection  of  weira  to 
withstand  this  action. 

The  quBDtity  of  water  contained  in  or  Sowing  through  streams  or 
rivers,  is  different  at  different  times,  so  that  we  have  the  expressions 
fuU^  average^  and  drt/^  applied  to  the  state  of  rivers,  corresponding 
in  Britain,  to  winter,  autumn,  and  summer,  though  not  very  definitely 
fixed  as  to  the  particular  period  of  the  seasons.  It  is  evidently  ne- 
oessary  to  have  accurate  information  as  to  the  mean  supply  of  water 
yielded  by  a  brook  or  stream^  proposed  to  be  applied  as  water  power. 
The  state  of  the  stream  in  autumn  and  iprlng  may  be  taken  as  the 
mean  ^tate^  but  for  any  important  undertaking  of  this  nature  a  series 
of  bydrometrical  observations  should  be  instituted,  that  the  question 
of  the  supply  of  water  may  be  accurately  determined.  Any  one  of 
the  methods  discussed  in  Vol.  I.  S  376,  &c,,  may  be  adopted  for  this 
purpose, 

§  G5.  CmHruction  of  Wein. — For  obtaining  water  power,  the 
0veffall  weir  is  the  most  important  means.  Weirs  are  built  either 
square  across  the  stream,  or  inclined  to  the  a.xis  of  it*  They  are 
often  built  in  two  parts  inclined  to  each  other,  the  angle,  which  is 
laid  up*stream,  being  rounded  or  not;  they  are  formed  as  polygons 
also,  and  as  segments  of  a  circle,  the  convexity  being  always  turned 
ta  the  stream.  Weirs  are  built  of  wood,  or  of  etone,  or  of  both  com- 
bined* They  have  frequently  to  be  founded 
on  piles,  from  the  difficulty  of  getting  a 
sound  foundation.  The  cross  section  of 
wooden,  or  other  dams,  is  more  or  less  of 
the  form  of  a  five-sided  figure  ^^BCDE^ 
Fig  ISO,  in  which  JiB  is  termed  the  breaMt^ 
SC  the  front  Mtope^  CD  the  apron  ^  DE  the 
hach^  and  E^  the  sole,  and  C  the  saddle  or 

cill.  The  cross  section  of  stone  weirs  is  Kenenilly  composed  of 
curved  lines,  as  regards  the  apron  and  back,  the  object  being  to 
get  the  rush  of  water  smooth- 
ly away  from  the  foot  of  the 
apron,  so  as  to  prevent  corro- 
sion in  time  of  floods. 

An  overfall  weir,  such  as 
is  represented  in  Fig.  131, 
consists  of  a  row  of  piles  i), 
going  across  the  stream,  and 
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a  walling-piece,  or  mddle-beam  C  on  the  top— of  walling  E  in  front 
of  the  piles — a  second  row  of  piles  F  further  down-stream  and 
parallel  to  the  first — of  a  casing  of  hard  laid  pavement  G,  between 

the  two,  and  which  is  con* 
File,  132*  tinned  onwards  with  the 

same  curvature^  forming  an 
apron  (which  should  be 
continued  so  that  it  turns 
8Hj|htly  upwards).  The 
weir  in  Fig-  132,  shows 
the  manner  of  founding  on 
piles,  the  intervals  between 
the  piles  being  cleared  out 
to  J  as  far  as  possible,  and  rammed  with  concrete,  and  upon  this  the 
'    f  Bttperstructure  is  raised. 

The  construction  of  wooden  wiers  is  sketched  in  Fig,  133.     ^B 
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^^^^iHl^H^^rfll^^^^^^^^l 

■ 

HH^^^fl 

^1 

^^^Hm^Hi 

^H 

is  a  wbII  of  beams,  Wing  tight^  one  on  the  other,  on  the  top  of 
which  comes  the  saddle-beam  ^i.  These  beams  are  confined  bj  a 
double  row  of  piles  CD  and  C^D^^  and  the  piles  EF  and  GW,  driven 
as  breast  and  back  of  the  dam,  form  resting  points  for  the  planking 
of  the  dam.  The  interior  of  the  dam  is  filled  with  stone,  clay,  con- 
crete, or  such  material.  The  apron  K  of  the  dam  is  continued 
onwards  as  substantiallj  as  possible,  in  the  manner  shown  in  the 

sketch.     This  latter  is  a 
^i*'-  '34.  point  of  great  importance. 

At  L  the  sluice  of  the  lete 
is  visible,  A  submerged 
weir  is  shown  in  Fig.  134t 
*4  is  the  saddle-beam,  JiB 
are  the  guide-columns,  in 
grooves,  in  which  the 
sluice  works.  The  ar- 
rangements for  raiding  or 
opening  and  lowering,  or 
shutting  the  sluice  are 
various.     A  capsttin-likc  arrangement  is  shown  in  the  figure,  the 
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elaioe*board  hanging  by  chains.     The  piles  in  such  a  constrncttOE 

must  be  cleared  for  Bome  depth,  and  the  interstices  well  raintned 

with  puddle  or  concrete,  to  prevent  leakage. 

S  66,  Height  of  Swell — By  aid  of  the  hydraulic  formulas  we  have 

investigated  ( VoK  L),  the 

height  and  amplitude  of 

the   biick-wattr   for    any 

given  dam  may  be  easily 

determined.      If,  in  the 

ease  of  a  dam  represented 

in  Fig.  135,  A  be  the  head 

^B,    and   if   b,    he    the 

breadth,  and  k^  the  height 

due  to  the  velocity  c  of 

the  water  as  it  flows  up  to  the  weir,  or: 

c* 
Ar»  — »  then  the  quantity  of  water  discharged  by  the  weir  is  (Vol. 

I,  I  321)  Q  ==.  I  ^  J  s^I^lk  H-  A)'  —  k'l  If,  on  the  other  hand, 
the  quantity  discharged  be  known,  the  head  corresponding  to  it  upoa 

the  saddle-beam :  k  =  f -^  ^__  +  ^^ \'  —  k.      In  order^  therefore, 

to  give  the  height  BO^x  of  a  weir  to  produce  a  given  head^  or  rise 
of  the  water  surface  at  the  weit  =  A^,  we  put  AC  +  CO  »  JiB  Ar  BO^ 
or,  if  the  original  depth  of  the  water  dnwn*%iream  CO  be  put  =  a, 
then  A,  +  n  =  A  H-  ^,  and  hence  a:  =5  a  +  A^ —  A, 

When  the  back-water  or  head  raised  is  considerable,  say  x^  at 
leaat  2  feet;  the  velocity  of  the  water^  as  it  comes  to  the  weir  k^  may 
be  neglected,  and,  therefore,  we  may  put; 

\|*  h  \/*lg/ 

and  according  to  escperiments  of  the  author,  the  co-efficient  ^  may  be 
taken  =  0,80  for  this  case. 

In  the  case  of  the  submerged  weir,  Fig.  136,  the  calculation  is 
somewhat  more  complicated, 

'- '  Fig.  136* 


because  in  this  case  two  dif- 
ferent discharges  are  com- 
bined. The  height  AC  ^  h 
of  the  water  above  the  saddle- 
beam  is  greater  in  this  case 
than  the  height  AB  =  Aj,  to 
which  the  water  is  raised  by 
the  daoi,  and,  therefore,  only 

the  water  above  the  level  B  flows  away  freely,  whilst  the  water  nnder 
B  flows  away  under  the  head  or  pressure  AB  ^  Aj,  The  discharge 
through 


AB^ 


and  that  throui^h  EC 


Q,-f^6v'%[A,  +  *)''-i^], 


is: 
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Q,-^6(A-A,)^^(A,  +  fc)*, 
and  consequently  the  whole  quantity,  or, 

Q,  +  Q,-Q-^6^^[}[(A,  +  *)5_*8]  +  (A-A0(A, +  *)*]. 
From  the  quantity  of  water  Q,  and  the  height  h^  to  which  the  water 
18  raised,  we  have  the  height  of  water  above  the  saddle : 

;     '■-■  I      "■      I  "■+*'•-*' 

frqiB  wliich  the  height  of  weir  COmm  x^a  +  h^  —  A  may  be  deduced. 
Itip  eTident  that  a  >  A,  or  the  weir,  is  a  submerged  or  imperfect 

Example.  A  vtreara  of  30  feet  width,  and  3  feet  in  depth,  ditcbarges  310  cubic  feet 
of  water  per  second.  It  is  required  to  raise  it  4)  feet  by  means  of  a  weir.  What  height 
of  weir  it  necessary  f  As  the  height  of  the  water  to  be  raised  is  considerable  iu  this 
case,  we  may  confidently  use  the  simpler  formula : 

r«a+  A.—  ( ^^  __Y .    Id  this  formula  a  «  3,  A,  «  4^  Q—  310,  *  -■  30, 

Hence: 


/»  ^0,80,  and  ^2g  ^  8,03  for  the  cas< 

«3  +  4,5-( ?Li2 )K 

\2.  0,8.  30. 8.02/ 


m  question. 

k5,7  feet:  and,  thereibr&  the  OTerfiill  la  •per/id 
V.2.0,8.30.8,02/  »  »         »  -»  r-J 

weir,  as  was  presumed.  If  it  were  required  to  raise  the  water  up  only  9  feet,  x  would 
lie  3,2  feet,  or  the  weir  would  still  be  ptrfieL  If  1}  feet  only  were  required,  the  dam 
would  not  require  to  rise  above  the  level  of  the  water  down-stream,  or  the  natural  lerel 
of  the  water  in  the  stream ;  and  would  be  a  submerged  weir.  Applying  the  complete 
formulas  to  this  case,  and  putting 

■bO^ISS.  5,37aBU^84  feet,  and  taking ^  agun at 0,80  we  get: 

(1.584)t— (0.084)t 


.0,0155  (_?_y-o,oi55  (J}2jy 

\{h  +  h,)bJ  '  \4,5.30/ 


A  — A,. 


310 


-=-1 

0,8.30.  8,02 v'l,5b4 

j,a8  — j,Od-fo,oi  I 


1,584' 
0,23  feeu 


Jt 


a 
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a  — -:z^^%  or,  if  Aj  —  the  height  to  which  the  water  is  raised  by 

the  dam  above  the  iill^  be  giveti : 

^    —      —     According  to  the  author*!  experimeDts  ;t  is 

here  ™  -60. 

If  the  under-water  lie  back  to  the  filuice^  as  m  Fig.  137,  then  the 
difference  of  level  j^B=  h^  is  the  head  to  be  introrluced  as  pressure 
iM  the  above  formula.  In  this  case,  therefore,  the  opening  corre- 
sponding to  a  given  head  A  is  :  a  » ^ 

f,hx^2gh 

When  the  level  of  the  under-water  is  within  the  range  of  the 

Fig.  137.  Fig.  138. 


sluice's  opening,  as  shown  in  Fig.  138,  one  port  flows  away  unim- 
peded, whilst  tbe  other  flows  under  water.  If  the  height  of  the 
water  is  raised^  or  the  difference  of  level  JlB^  Fig.  188  =  A  the  height 
^Cof  the  part  of  orifice  of  discharge  above  the  surface  of  the  water 
=  fl,,  and  BD  the  height  of  the  part  under  this  surface  =<!,,  then 
the  quantity  of  water  for  the  former  parti 

Q^iB  pt  a^b   I  2g ( A -^ )i  ^nd  for  the  other; 

Q^=fta^b  ^2gh^  therefore,  the  whole  quantity : 

<^Qi  +  Q,=  M*^2g(a,jA-|  +  a,v/A), 

From  the  quantity  of  water  discharged  Q,  the  height  to  which  the 
water  is  raised  A,  and  the  depth  a^  of  the  sill  or  saddle  of  the  weir 
under  the  under-water  surface,  we  deduce  the  distance  of  the  sluice- 
board  from  this  surface : 


i:6rr"^')-4^-i- 


v^2g 

Etampk  I.  How  high  must  the  boarda  of  the  stuiee  weir.  Fig.  134.  Iw  tbipcH^  which 
hat  to  let  ofl"  250  cubic  feet  of  water  per  wcond,  the  bre^^tih  6  beiii«  s  24  fee*,  and  the 
tieiglit  A,,  to  whidi  the  water  is  dammed  above  the  fill  s  5  feet?  Jri  the  fia*e  of  unirn- 
petied  diBcUarge: 

550  2,16 


0^  .  24  ,  8,0a 


J^  \R 
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approximately :  a  ^  1,  lieiM^ : 


ing  required  •  m  : 


|5—  -  H  ^4f5^  24^.  therefore,  the  b eight  of  open- 
1,02  ftwt=  12,24  inches. 


Examptt  %  Wbat  amoiini  m«flf  the  sluice,  Fig.  137,  be  dmwn  up,  in  order  that  il  piaj 
diicbftrge  120  culiic  feetof  wafer  i>er  second » undet  a  head  of  J, 5  feel,  the  width  of  opeti- 
iTig  being  30  feet!     Tbsa  li  a  case  of  disebarge  uiider  water,  therefore^ 

120 
g  w ==  0,678  feet  s  &,14  inrhes. 

0,0  ,  30  .  e,02  ^1,5 

ExajapU  3.  It  if  required  to  determine  the  qoantitjT  of  water  which  flowi  througb  a 
■Itiioe opening  (Pig.  138)  of  brenuttb  5  s  IS  feel,  height  CD  s  «,  -f-  ii«  s  1,2  f«et, 
wben  the  head  JB^2  feet ^^  and  the  height  of  water  above  the  ■iU,  a^^^  0,5  fe«t, 
lu  this  cttse  fAb  y/Ig  =  0,e  .  18  ,  8^0a  =  86,6,     Furthot  a,  ^^  i«  0,5  v^  =  0,707, 

and  a^     \h  — ^^33  0,7  y/t,6£»  ^  0,899^  tberefore,  the  quantity  of  water  reqiurad  Q^ 

m^  (0,707  +  0,890)  =  85,6  ,  l,S06  =  139,07  cybic  feoL 

§  68.  Duc^ntinuous  Weir$. — The  beigbt  of  the  back-water  in  the 
case  of  incomplete  or  diacontinnous  weirs,  such  as  piers  of  bridgei, 
jetties,  &c.,  may  be  calculated  in  very  much  the  same  way  as  that 
for  overfalls.  For  the  jetty  BE,  Fig.  139,  there  results  a  damming 
back  of  the  waters,  beciiuse  the  stream  is  contracted  from  the  width 
AC  to  vfB,    If,  therefore,  the  lead  be  closed,  which  it  is  well  to 


Fi^.  139. 


Fig.  140- 


assume,  the  whole  of  the  water  of  the  stream  Q  mast  pass  throuA 
the  contracted  paiaage  J^B,  If  we  put  the  width  JlB=b^  the  height 
of  dammed  water  «=i^fjBi=  A,  Fig,  140,  and  the  depth  B^C^  of  the 
under-water  =  a,  then  the  quantity  flowing  freely  aboi e  the  under- 
water is  Qj  s  I  /A  6  v^2  gh^^  and  the  quantity  flowing  away  as  under- 
water =  Qa  ^/t  h  g  v^2gA.  Therefore,  the  whole  quantity  going 
away  :  Q  =  ^  &  ^2  gh{%  k  +  a).  Hence,  inversely,  the  breadth 
of  weir  corresponding  to  given  height  h  of  dammed  water,  is 

(  = ->     If  the  height  of  back-water  A,  be  small, 

or  the  velocity  of  the  water  great,  the  velocity  of  the  water  as  it 
comes  up  to  the  jetty,  must  be  taken  into  consideration.  If  k  he 
again  taken  to  represent  the  height  due  to  the  velocity  of  the  water 
as  it  comes  to  the  weir^  we  have : 


Q,  =  I  ^i  ^2i? [(A  +  *y^  —  A^],  and  Q,- ^  8a  ^2ir{A  + A), 
and,  therefore; 
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us 


Q -  ^  J  ^2j  [}  [(A  +  *)s  —  jfc»]  +  o (A  +  *)*], 
and  InTerselj : 

**^%[|[(A  +  *)^  — **]  +  «(A  +  )*] 
Whilst  in  the  uniinpeded  motion  of  water  in  river  channels^  the 
Telocitj  is  greatest  at  the  surface,  and  decrease!  gradually  as  we  go 
downwards  in  the  vertical  depth,  the  case  is  different  when  the  water 
is  dammed  up  by  any  ohstruction  in  the  stream-  Then  the  velocity 
incrcage*  from  the  surface  of  the  upper-water  down  to  that  of  the 
under*water,  and  diminishes  very  little  from  thence  downwards  to 
the  bottom-  There  is,  therefore,  a  change  of  velocity  as  represented 
by  the  arrows  in  Fig,  140.  This  must  necessarily  be  the  case,  be- 
cause the  wat^r  ahotfe  the  under-w^ter  Burface  flows  away  under  a  1 0 
pressure  or  head  increasing  from  8  to  Aj  and  the  water  under  \t^  \  *| 
flows  away  under  the  constant  pressure  A,  whilst  for  i]nimpedi«d 
motion,  the  pressure  or  head  at  all  depths  —  0.  This  formula  is 
likewise  applicable  in  the  case  of  bridge  piers,  if  b  he  put  to  repre- 
fcnt  the  sum  ©f  the  openings  between  the  piers.  In  order  to  prevent 
as  much  as  possibie  injurious  effects  from  the  eddying  motion  of  the 
water  behind  and  in  front  of  the  pierSj  the  9tarlinp»  are  added,  pre- 
B€Qting  a  rounded  or  angled  prow  to  the  water.  If  the  starling  of 
the  piers  be  rounds  or  form  a  v©ry  obtuse  angle,  then  ^  is  to  he  taken 
A  90,  if  the  angle  be  acute  f^  =  .95,  and  if  the  acute  angle  be 
-  formed  by  the  meeting  of  two  elliptical  or  circular  ares,  as  in  Fig, 
141,  fi  becomes  even  .97,  or  very  nearly  1. 


Fig,  141 


Fig.  m 


Jtmmrk*  U  a  jeity,  or  oiber  bttilding  contimcting  a  stTeanif  doe*  not  reach  above  (h« 
ar&Mi  (he  whole  quantity  of  water  Q  ma j  be  considered  lu  compose*!  of  3  parts.     If 
ba  top  of  the  connnicti^on  he  beneath   the  uncler-water  surface  CZ>,  Fig.  1 42,  ihen  the 
rliiy  or  water  fiowing  away  thraiigh  (he  section  JBDC^  is: 

k  being  ihe  height  of  ih€j  baok-waiprf  and  6  rhe  breadth  ^B. 

ISecondly,  the  remaifittig  part  nbove  the  top  ot  the  biiilding,  and  under  the  oonttant 
Lliecid  *,  or  Qv^  ^  A.  (a  —  a.)  ^ig  (h  +  k),  where  u  =  GB  the  depth  of  under>iraien 
r#^  BE  the  breadth  £F  of  the  kiildififE*  nnd  a,  ^  its  height  EH. 

Ia«t]y,  the  (i«rt  flawing  away  at  tbe  end  of  the  btiUdinK  under  the  oonatant  head  ft,  is 
Q^  =  ^  A^  a  s/^gJh  +  T),  fc,  being  the  free  w idih  CD,     Tlii« i 

Q=|^6^/a^  [(A  4-  iji^Jtf|-|_p[6ii_*ft^  a.]  %/3  f  (A  +  Jt)7  an*^^  dierefbre,  we  c^n 
ralciihife  the  lenjttb  und  heijehl  of  builiiJTijf  necentaryto  profiiice  a  given  amount  of  dam. 
If,  on  the  other  haadi  €^D^  be  Iba  undei-water  iiirrace,or  if  thet^nstruction  reach  above 
the  f urfacei 
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<J  =  4^*.V^ltCa  +  A-ffl,  +  ^)i-*i] 


E^^n^k.  What  width  iiC  mu at  be  given  to  the  darn  BE,  Fig.  139,  in  order  ihnt  tbe 
river^  whicU  i$  S50  feel  wide,  and  H  feel  deep*  and  doJivers  14000  cubic  fe«i  of  wausr 
per  iecondj  may  be  dammed  up  0,75  feel  T 

Jfc=0.0l5S  /ii!^y  =  0,0155  .  3,lS"*=0,l5e^ 

ind  if  |A^0f9,  then  the  width  of  the  cmUradtd  ttream: 

urxio 


£  =  . 


09  ,  S,Oa  [I  C0,W)6f  —  ISet)  +  B  .  0,906*], 
14000  140O0 


sa  238,5  feel. 


7,2ia  (0,522  +  7,0Oti,)  7,2l»  .  8,r3 

"mndi  IbereforoT  the  len^li  or  projection  of  the  dam  ^  650  —  238  ,5^  31 1,5  feet 

§  69*  Amplitude  of  the  Sack-water. — We  have  now  to  resolve  the 
other  important  queation.  According  to  vrhut  law  doea  the  height 
of  the  dammed  water  diminish  in  stretching  back,  up  stream  ?  With- 
out having  resort  to  any  peculiar  theory^  this  problem  can  be  solved 
by  the  theory  of  the  variable  motion  of  water  in  river  channelB,  ex- 
plained Vol,  I,  §  369,  §  370- 

Let  us  suppose  the  length  of  river  on  which  back-water  from  the 
Jam  ^BKy  Fig*  143,  is  perceptiblcj  divided  into  separate  lengths, 

Fiff.  143, 


and  let  us  submit  each  length  separately  to  calculation.  If  a^  be  th^ 
depth  of  water  *^i?  at  the  weir,  a^  the  depth  BE  at  the  upper  end  of 
such  a  length;  ^BDE^  F^  the  section  of  the  flowing  water  at  the  weir, 
Fj  the  section  at  BE^  Q  the  quantity  of  water,  p  the  mean  circum- 
ference of  the  section  for  this  length,  and  a  the  angle  of  inclination 
of  the  river*8  bed,  then,  from  (VoL  I.  §  370)  the  length  of  the  first 
division,  {a^  and  tij,  and  F^^  and  F^  being  substituted  for  each  other)  is; 


nn,  a 


If  ffj  be  the  depth  of  water  GH  at  the  upper  end  of  a  second  Icti|  _ 
BEGH^  F^  its  section,  and  p^  the  mean  perimeter  of  the  water  see* 
tion  of  this  part,  then  its  length 


D}I~L  = 


mis 


sm,  a  ■ 
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guides,  DE  is  the  sluice-rod^  reacliing  to  the  surface  or  top  of  the 
dyke,  £  is  a  cross  piece  by  which,  in  the  absence  of  grooves  or 
guides  on  the  plate  on  the  end  of  the  pipe,  the  sluice  is  kept  pressed 
upon  it«  bod,  G  is  a  strong  beam  having  a  female  screw,  through 
which  the  screw  GH  passes,  and  the  handle  or  key,  //,  being  turned, 
the  screw  elevates  or  depresses  the  sluice-rod,  as  may  be  desired, 
for  opening  and  shutting  the  sluice. 

The  discharge-pipe  must  have  a  sectional  area,  such  that  the  dis- 
charge when  the  water,  or  rather  its  headj  is  lowest,  may  be  sufficient 
for  the  supply  of  the  power  required  for  the  machine.  If  Q  be  the 
quantity  of  water  to  be  discharged  per  second,  A  the  given  least  heady 
I  the  length,  and  d  the  diameter  of  the  discharge-pipe,  {T  the  co-efficient 
of  resistance  at  entrance,  and  Ci  the  co-efficient  for  internal  friction, 
then,  according  to  Vol.  I.  §  332, 

^"W — 27a (—)' 

or,  more  simply: 


d-0,4787^[(l  +  f)d  +  fi^]f- 


If,  therefore,  we  take  (  from  the  table  in  Vol.  I.  §  325,  and  S^  from 
the  table  in  Vol.  I.  §  331,  we  can  determine  by  approximation  the 
reqaired  width  of  pipe.  As  the  head  is  higher,  a  greater  part  of 
the  aperture  must  be  closed,  so  that,  accoraing  to  Vol.  I.  §  338, 
there  must  be  introduced  a  greater  co-efficient  of  resistance  for  the 
entrance.  If  the  entrance  aperture  be  very  small,  the  water  does 
not  fill  the  pipe,  and,  therefore,  the  calculation  is  simply  referable 

to  the  area  of  the  opening  F  «m ^       ,  where  /*  is  to  be  taken 

f^y/2gh 

from  Vol.  I.  §  325.  With  table  of  areas  of  segments,  the  calcula- 
tions are  very  simple.  The  prolongation  of  the  discharge-pipe 
through  the  dyke  must  be  of  very  substantial  cement-built  masonry, 
and  in  large  dykes  should  be  from  5  to  6  feet  high. 

Exampk  1.  A  diwharge-pipe  of  100  feet  long  is  reqiiirod  to  let  off  10  cubic  fcot  per 
second,  when  the  head  is  reduced  to  1  fnot,  what  inudt  \)e  the  dinineter  ?  Suppo:«ing  the 
inclination  of  the  sluice  to  be  40®  (equal  that  of  the  breast  of  the  ilyke)  then  (  =  0,87 ; 
and  the  co-efficient  (,  corresponding  to  a  velocity  of  5  feet  s=s  0,0*22,  we  have  d=  4787 
^(1.870  ^4*  ^1^)  •  1^1  *^*^  ^^  ^"7  yutisfms  this  equation  very  nearly.  Thus),  a  liis- 
charge  pipe  of  l|7  .  ]2  kb20,4  indies  would  fulAl  the  required  conditions. 

Exampk  2.  Tn  whet  position  must  this  sluice-board  be  place<K  in  order  to  di'^hnr:;e 
only  10  cubic  feet  of  water  per  second,  when  the  head  is  16  feet?  If  we  assume  that 
the  pipe  does  not  fill  in  this  case,  then 

F  B S. » 1'.? —  =  -^  =:  .431  s'luaro  feeU 

fA^igk       0,731  .  SO-2  ^10         1  ^6 

17                                                               4 
This  setnTient  of  radius  -^  reduced  to  radius  I  ^0,431  . =s  OjOOS,   and    from    a 

table  of  areas  of  segments,  wo  find  the  hoiglit  of  such  a  segment  to  be  5  inches. 

§  75.  Water-courses.— ^TUhe  water  of  the  reservoir  is  conducted  or 
led  to  the  point  at  which  it  is  to  be  applied,  t.  6.,  to  the  machine 
through  which  it  is  to  expend  its  mechanical  effect,  by  canals,  water- 
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c^uneB^  and  mUMeadu,  These  chantiela  are  cenerally  dag  out  of 
the  natural  soil,  raised  upon  embankments  ana  aqueducts  over  the 
deeper  valleys,  and  cut  as  drifts  or  tunnels  through  the  greater  ele- 
vations that  occur  In  their  course.  The  bed  of  the  canals  are  formed 
of  sand  or  gravel,  on  a  bottom  of  clay,  or  are  hand-laid  stones,  or 
concrete  formed  with  cement,  and  not  unfrequently  it  consists  of  a 
wooden,  an  iron,  or  a  stone  trough.  The  sides  of  this  canal  form 
right  lines^  or  its  section  is  a  gently  curved  trapezium,  or  it  is  rec- 
tangular when  it  becomes  a  trough..  The  section  of  water-courses 
is  from  1|  to  3  times  as  wide  aa  its  depth.  The  slopes  of  the  sides 
of  the  course  are  generally  very  slight,  or  none  at  all  in  the  case  of 
masonry  set  in  cement*  An  inclination  of  1  in  2  is  given  to  dry 
stone  sides,  an  inclination  of  1  in  1  in  the  caso  of  compact  earth  or 
clay,  and  of  2  to  1  in  the  case  of  sand  or  loose  earth.  Fig.  151 
gives  an  idea  of  the  conatruction  of  a  water-course  in  loose  g;round, 


Fig.  15  L 


Fig.  152. 


not  water  tight.  Fig.  152  represents  the  manner  of  forming  such 
a  course  on  the  side  of  a  hill^  where  the  earth  taken  from  the  cut 
is  made  the  supporting  bank  on  the  under  side.     Fig.  153  shows  the 


Fig.  153. 


Fis  154. 


manner  in  which  it  is  sometimes  necessary  to  construct  the  embank- 
ments for  aqueducts. 

Fig.  154  is  a  section  of  a  walled  drift  of  tunnel,  through  ground 
not  considered  impermeable  to  water,  and  incapable  of  standing 
unsupported.     The  manner  of  putting  troughs  together  is  indicate^ 
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in  the  Bketclies  in  Fig.  155  for  wood,  and  Fig.  156  for  iron,  where 
the  flangeftj  bolted  together,  are  further  made  water-tight  by  what  ifl 


Fig.  1 55. 


Pig.  i5e. 


Hfp 


termed  a  ruMt-j&int  (a  cement  composed  of  eal  ammoniac  and  iron 
filings  or  turnings). 

The  junction  of  a  water-course  with  a  river  ^^,  Fig*  157,  should 
he  gradually  widened  and  rounded  off,  and  the  head  D  aubstantially 
finished,  so  that  it  may  not  be  injured  by  freshes^  or  objects  carried 
against  it  in  time  of  floods.  Flood-gates  or  sluices  have  to  be  ar- 
ranged along  the  course,  if  this  be  of  any  considerable  extent*  These 
duices  should  be  made  self-acting,  that  no  damage  may  be  done  to 


Fig.  1 57, 


Fig.  108; 


\ 

B 

N 

1 

D 

J' 

■K 

the  banks  by  even  a  momentary  overflow  (the  self-acting  sluices  on 
Show's  waUr'Work$j  in  Scotland,  is  the  most  notable  case  of  this 
self-acting  arrangement  on  record).  They  act  generally  by  a  float 
being  raised  as  the  water  in  the  channel  rises,  which  float  opens  a 
valve  or  sluice  to  diseharge  the  surplus  water  in  convenient  localities* 
Sometimes  a  ease  fills  as  the  water  rises,  overcomes  a  counter- 
balance, and  in  its  descent  opens  a  valve  or  sluice,  by  which  the 
surplus  water  is  discharged.  The  syphon,  properly  adapted,  forms 
a  simple  contrivance,  and  is  shown  in  Fig,  158,  where  ^iBCis  the 
syphon  with  an  air-pipe  DE.  When  the  water  in  the  water-course 
rises  to  the  height  of  the  summit  of  the  syphon,  which  is  the  highest 
point  for  safety,  the  syphon  fills  with  water,  and  the  water  is  drawn 
off  and  discharged  at  C,  the  head  being  Cif,  the  depth  of  C  under 
the  water  surface*     When  the  water  has  sunk  to  the  level  of  DE, 
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the  air  rushes  in  and  stops  the  action  of  the  syphon.  If  the  water 
does  not  fill  the  section  BD  of  the  pipe,  the  discharge  is  made  under 
the  conditions  of  a  weir. 

§  76.  The  velocity  of  the  water  in  a  water-course  should  be  neither 
too  slow,  for  then  the  course  chokes  with  weeds;  nor  too  fast,  for  then 
the  bed  of  the  channel  may  be  disturbed;  and  besides,  too  much  fall 
must  not  be  lost  in  the  inclination  of  the  course. 

A  velocity  of  7  to  8  inches  per  second  is  necessary  to  prevent 
deposit  of  slime  and  growth  of  weeds,  and  1^  feet  per  second  is  ne- 
cessary to  prevent  deposit  of  sand.  The  maximum  velocity  of  water 
in  canals  depends  on  the  nature  of  the  channel's  bed. 

On  a  slimy  bed  the  velocity  should  not  exceed    ^  foot, 

clay  "  "  i 

sandy  "  "  1 

"    gravelly  "  "  2 

"    shingle  "  "  4 

"    conglomerate  "  "  5 

"     hard  stone  "  "  10 

This  applies  to  the  mean  velocity. 

From  the  assumed  mean  velocity  <?,  and  the  quantity  of  water  to 
be  led  through  the  course  Q,  we  have  the  section  F,  and  hence  the 
perimeter  p  of  the  water  section.     If  we  put  this  in  the  formula 

d  =  --  Es  C  .  ^  .  ^r-  (Vol.  I.  §  867),  we  get  the  required  inclinatioii 
I  F    Zg 

6  of  the  canal,  and  hence  the  fall  required  for  the  lead,  whose  length 

The  inclination  may,  therefore,  be  very  different  according  to  cir- 
cumstances.   As,  however,  C  as  a  mean  is  0,007565,  and  e  generally 

from  1  to  5  feet,  and  -^  is  something  between  |  and  2,  the  limits  of 


the  inclinations  for  the  water-course  would  be 


A  :^ 


^YKES* 


149 


survey  with  the  cliain  or  theodolite,  and  erosi  Meetwns  ar©  then  taken 
by  leveling  (and  sounding,  when  there  exists  a  natural  reiJcrvoir), 
an  equj'distant  parallel  lines  0  —  0,  I  —  Ij  &c. 

If  b^,  b^,  b^  ,  -  .  &«,  be  the  widths  0  —  0,  I —  I,  II  — K,  &c„  and 
if  the  distance  between  the  parallels  be  a,  the  area  of  the  dam  is: 

C  =  [&,  +  K  +  4(6,  +  ft,  +  ..  +  *.,)  +  2(6,  +  ft,+  ...+ft..)]-|. 

and  if  J  in  like  manner,  F^^  F^»  F^^  4u5,,  be  the  area  of  the  cross  sec- 
tions corresponding  to  the  widths  b^  A,,  b^  4c-,  respectirely,  the 
Tolume  of  the  dam : 

V-  [/;+  f,  +  4  iF,+F,  +  .,+  n.,)  +  2  (F,+  f;+ . .  +  /V,)]  ,  |. 

By  dividing  the  cross  sections  by  parallel  linesj  drawn  at  equal 
depths,  we  get  the  means  of  laying  down  contour  lines  of  equal 
depth,  and  so  ascertain  the  contents  of  the  dam  for  each  depth, 

Htmark  The  niKtior'ift  work  ■^  Dtt  /ng^nirirr/'  oomains  detailExl  ingtrucMionH  for  meniur- 
tng  rif«ervoir«  add  dyket. 

§  72.  Dykes. — The  dykes  or  flams  of  reservoirs  are  generally  of 
earth-workj  seldom  of  stone.  The  face  inside,  or  next  the  reservoir 
i^  covered  with  clay  puddle^  and  with  a  carefully  laid  course  of  graveL 
They  are  carried  up  of  a  uniform  slope,  or  with  offwH  or  terraceM. 
They  are  carefully  rammed  at  every  foot  of  additional  height  laid 
lapon  them.  Especial  care  must  be  taken  with  the  foundation,  which 
must  be  carried  down  to  an  impermeable  stratum  with  which  the 
superstructure  must  be  connected,  so  that  the  bed  of  junction  may 
be  perfectly  water-tight.  When  a  water-tight  substance  cannot  be 
found,  a  system  of  piles  must  be  used  to  insure  this  most  important 

Joint  of  the  reservoir's  eflficiency-     The  depth  of  the  foundations 
epends  on  the  nature  of  the  ground,  as  abSve  explained j  and  5, 10, 
and  20  feet  deep  foundations  have  been  executed. 

The  dykcj  in  its  main  features,  is  shown  in  Fig,  147j  having  a 
trapcKoidal    section    EK 

or  FL.    AC^  is  sometimes  ^m- 1^''^ 

termed  the  crm^n  of  the 
dam;  it  must  be  well 
paved,  and  generally  has 
a  parapet  wall  to  prevent 
the  wash  of  water  during 
high  winds  from  damag- 
ing the  crown,  or  washing 
over  to  injure  the  back  of 
thedamJV^fiorJtfi:.  The 
piece  KMB  of  the  dyke 
is  termed  the  middle  or 
centre     piece,    and    the 

pieces  JiJfH  and  BMC  are  termed  the  wingn  of  the  dam.  As  to 
the  dimensions  of  dams,  the  breast  is  generally  made  to  slope  at  the 
rate  of  1  to  3,  and  the  back  at  the  rate  of  1  to  2.     The  width  on 
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Fig.  148. 


the  top  18  very  yarious«  For  high  djkes  it  varies  from  10  to  20 
feet.  A  common  rule  is,  to  make  the  width  at  top  equal  to  the 
height  J  but  this  only  applies  to  dams  of  small  height.  The  dyke 
should  be  carried  from  3  to  6  feet  higher  than  the  highest  water 
intended  to  be  in  the  reservoir. 

Fig,  148  represents  a  cross 
section  of  a  dyke  for  a  reser- 
voir, ABCE  is  the  breast- 
work of  clay  carried  down 
to  water-tight  substratum, 
BGFC  is  the  backing  of 
earth- work,  AE  is  the  paved 
face,  the  paving  being  4  feet 
thick  at  bottom^  and  2  feet 
at  top* 

Rtmark.  If  f  be  ihe  ienii^tU  along  fbe  (op.  and  ?,  the  length  along  the  bottom,  h  the 
bff  Rilth  oti  top,  and  6,  the  brettdih  at  bottom,  and  if  A  be  the  hejgbi  of  a  iljte  f  ucfa  ai 
Fig.  1 4b,  tike  cubic  coutent*  of  the  datn  are : 

In  applying  thia  Ibrtniila,  it  muBl  be  borne  in  mind,  that  the  wel^tamtnei!  clay  does  tiot 
occupy  quite  one-half  of  that  of  the  eanh-work  tbat  bas  not  b^eii  mmmed. 

§  73.  StahiUty  of  Dyhe$, — Dykea  are  exposed  to  the  pressurCj 
and  sometimes,  though  rarely,  to  the  shock  or  impetus  of  water. 
They  must,  therefore,  be  of  proportions  that  will  resist  either  being 

overturned  or  sho\^ed  forward  by 
I^iff  ^^s  the   action   of  the   water.      The 

conditions  under  which  they  resiit 
being  shoved  forward  have  been 
examined,  VoK  L  §  280;  and  we 
shall  now  consider  the  question  of 
stability  in  reference  to  dislocation 
by  rotation.  The  water  acts  on 
the  internal  slope  or  breast  AD 
of  a  dyke,  Fig*  149,  with  a  normal 
pressure  OP  =  P,  the  point  of 
application  of  which  is  .¥is  at  the 
distance  LjW=  §  the  depth  CX-=§ 
h  from  the  fiurface  of  the  water 

(Vol,  I.  I  278).     For  a  length  of  dam  =  1,  F  =  .^D  .  y  .  ^,  y  being 

the  density  of  the  water,  or  weight  of  cubic  unit.     The  horizontal 

comiK)nent  of  this  pressure  is:  if  =  A  .  1  .  y  *  ^^  \  ^^  T?  ^^^  the 

vertical  component,  (if  m  be  the  relative  batter,  or  mh  the  absolute 

hatter  DE  of  the  breast,)  V  ^  mh  .1  .y  .  -t^  JmA^r*  The  weight 

of  the  piece  of  the  dyke  of  length  =  1,  acting  at  the  centre  of  grarity 
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S  of  the  trapezoidal  section  j9JBCD,  is  G  —  ^  &  +  ^^^  A  )  A  r„  in 

which  b  ■■  the  breadth  j9J},  and  n  relative,  orn  A  the  absolute  batter 
or  slope  of  the  back  of  the  dyke.  From  P  and  G,  or  from  Hj  V, 
and  G,  there  arises  a  resultant  force  OR  ■■  H,  the  statical  moment 
of  which  CA" .  jR,  referred  to  the  comer  C,  represents  the  stability 
of  the  dam.  If  we  suppose  P,  and  also  H  ana  V^  acting  in  M,  the 
statical  moment  of  jP  »  statical  moment  of  U  minus  statical  moment 
of  F- JA«y.-WQ  — JmA'y.  CQ- J  A«  y  (JIQ  — m  .  CQ)- J 
A*y[JA  — iii(nA+6  +  iiiiA)]; 

hence  we  have  the  statical  moment  of  G  working  in  a  contrary 
direction : 

-  JnA'y, .  J  n  A  +  6  A  y,  (nA  +  I)  +  m  ASi  (»  A  +  J  +  J  m  A) 

-  A  yj  ( J  n«  A*  +  n  6  A  +  i  6«  +  J  mn  A«  +  J  w  J  A  +  t  w«  A*) 

we  have  the  stability  of  the  dykes : 

-  [J  A  —  «»(nA  +  J  +  f  7?iA)]-yy    In  order  now  to  find  the  point 

X,  in  which  the  line  of  resistance  UWX  cuts  the  base  CD  of  the 
dyke,  we  must  determine  the  distance  CX  of  this  point  from  the 

CX       OR  R 

edge  Cy  and  for  this  we  put :  77^ »  tto  *"  1? — ?7 '  ^'^^  ^^^™  ^^^^ 

K+  G      G+  r     VLV      8       ^       /  2 

[(fw'+2««+3mn)y+(2w+m).3M+3y]y,+[(2ti^— l  +  3mn)A+3itiA]Ay 
""^  3([(m  +  i)A+26]y,  +  mAy) 

By  aid  of  this  formula,  other  points  W  in  the  line  of  resistance 
may  be  found,  if  for  A  different  heights  of  dyke  be  introduced,  or 
we  may  ascertain  the  stability  of  any  part  of  the  dam  bounded  by  a 
horizontal  plane. 

For  a  dyke  with  vertical  sides,  m  =  n  »  0,  hence 

a  =  ^f>*yi  —  h^r  «  J  J  _  *Lr.  (Vol.  II.  §  10).    If  the  inclination 

bby^  6by^ 

of  the  breast  and  back  be  1  to  1,  or  45°,  w  =  n  =  1,  therefore, 
3  (2  A«  +  8  M  +  y)y^  +  (4  A  +  3  6)  Ay . 

"*"  3[2(6  +  A)y,+  Ay] 

and  if  6  -  A,  then  a  .  '^^ri  +  ^r  .  *     and  if  y^  -  2  y,  then 

4  yj  +  y        3 
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a  ■■  |i)  A  «■  $)  ft,  or,  as  in  this  case  the  breadth  at  the  base  i.  =  3  i, 
or  i  ae  ^  ip  a  «■  If  b^.    According  to  Yauban's  practice,  there  is 

ample  security  when  a  «■  |  .  -A  ■»  ^\  (^  (Vol.  11.  §  11),  so  that  for 

the  last  case  there  is  an  excess  of  stability.  All  things  considered, 
it  is  well  in  dykes,  for  great  reservoirs,  to  make  a  at  least  «■  0,4  ft,, 
or  the  line  of  resistance  should  cut  the  base  at  ^'^^ths  of  the  width  of 
the  base  from  the  heel  of  the  dyke. 

Exampk.  Required  the  line  of  resistance  of  a  dyke,  the  batter  of  inclination  of  the 
breast  of  which  m  as  1,  that  of  the  back  n^  },  the  breadth  on  the  summit,  or  crown 
being  6  ib  lU  feet  Assuming  that  the  mass  of  the  dyke  has  a  specific  gravity  ^  2.  We 
have : 

^  _g  (3  A'+  60  A+  300)  +  ({  A+  30)  A       1200+ 300  A  +  17  A". 

"  3(3A+40  +  A)  **       aToo+A)       ' 

henceforAsO,a  =  5feet;forAs=5feet,a»l!ir-B8,68feet:forAsslOfeet,ar=±!l^ 
'  360  '  480 

«  12,29  feet,  for  hmm  15  feet,  a  a,  ^!^  »« 1 6,87  feet,  for  A  s=  20  feet,  a  ssli2^sl9,44 

600  720 

17  A 

feet,  &C.    If  the  height  of  dyite  be  very  great,  we  may  put :  a   ^ ,  and  6  ^  j  A, 

24 

hence  ^^f|.    As  ^|  is  more  than  0,4,  such  a  dam  would  be  safe  for  an  infinite 

b 
height 

3  A      a 
Remark.  According  to  the  formula  b  ^  — ^ in  the  eiample  Vol.  I.  §  280,  if  we 

2  b 

put  aasmA,  then  2  6  as  (3  —  m)  A,  hence  A  ^ ,  and,  therefore,  in  our  last  exam- 

3  ^^m 
pie,  in  which  mssl,AaB6^lO  feet 

§  74.  Offlet  Sluices  of  Dykes. — OflSlet  sluices  and  discharge-pipes, 
or  culverts,  must  be  provided  in  the  reservoir  dyke.  The  omet  sluice 
or  regulator,  serves  for  the  discharge  of  any  excess  of  water  that 
would  accumulate  in  times  of  extraordinary  wet.  The  discharge- 
pipe  or  culvert,  is  for  supplying  the  lead  or  water-course  as  circum- 
stances require.  There  may  be  one  or  more  of  each  of  these  acces- 
sories in  a  dyke.  For  instance,  in  some  dykes  an  offlet  is  arranged 
at  the  very  lowest  level,  so  that  the  dam  mav  be  completely  emptied 

when  occasion  requires,  and  above 
^*?-  ^^^'  this,  a  second  offlet  is  laid,  by  which 

the  water-course  is  supplied  with 
water  to  be  led  to  the  machine  that 
is  to  receive  it  as  power. 

The  offlet-pipes  may  be  either  of 
wood  or  iron,  or  of  stone,  or  may  be 
built  culverts.  Fig.  150,  in  the  mar- 
gin, gives  a  general  idea  of  the  ar- 
rangement of  the  drawing-sluice  or 
discharge-sluice  of  a  dyke.  A  is 
the  end  of  the  pipe  or  culvert,  on 
the  face  of  which  is  a  flat  piece  of 
wood  or  iron  J?,  CD  is  a  cast  iron 
or  wooden  sluice-boardj  fitting  into 
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a »  I)  A«i  I)  5, or,  as  in  this  case  the  breadth  at  the  base  &.»  8&, 
or  5  »  ^  ii,  a  »  If-  5|.    According  to  Vanban's  practice,  there  is 

ample  security  when  a  »  |  .  -^  »  j\  5,  (Vol.  II.  §  11),  so  that  for 

the  last  case  there  is  an  excess  of  stability.  All  things  considered, 
it  is  well  in  dykes,  for  great  reservoirs,  to  make  a  at  least »  0,4  &„ 
or  the  line  of  resistance  shoold  cut  the  base  at  y^ths  of  the  width  of 
the  base  from  the  heel  of  the  dyke. 

EannnfUit,  Required  the  line  of  resiitance  of  a  dyke,  the  better  of  inclination  of  tbe 
breatt  of  which  m  =s  1,  that  of  the  back  n^\^  tbe  breadth  on  tbe  summit,  or  crown 
being  6  as  10  feet  Assuming  that  tbe  mats  of  the  dyke  has  a  specific  gravity  ^  2.  We 
have : 

2  (3  V+  60  A+  300) 4-  (J  A+  30)  A       1200+  300  A+  17  A\ 

^^  3(3A+40+"^  ■■  24  (10+ A)  ' 

3125  9900 

hence  for  A  80,  as  5  feet;  for  Abb  5  feet,  as ss  8,68  feet;  forAs  10  feet,a  s 

'  360  '  480 

*s  12,29  feet,  for  A  »  1 5  feet,  a  8  —  s  ]  6,87  feet,  for  A  «  20  feet,  «  8.  Ii2l^  » 19,44 

600  720 


feet,  &C.    If  the  height  of  dyJce  be  very  great,  we  may  put :  a 


17  A 
'"24^ 


and  6  s  i  A, 


hence  -^4|.    As  *|  is  more  than  0,4,  such  a  dam  would  be  safe  for  an  infinite 

height 
Bxtmrk,  According  to  the  formula  h  ib  in  the  example  Vol.  I.  §  280,  if  we 


26 
3  — m 


,  and,  therefore,  in  onr  last  exam- 


put  assmA,  then  2  6  as  (3 — m)  A,  henoe  A  \ 
pie,  in  which  m^l,A^6iBlO  feet. 

§  74.  OfHet  Sluices  of  Dykes. — Offlet  sluices  and  discharge-pipes, 
or  cnWerts,  must  be  provided  in  the  reservoir  dyke.  The  omet  sluice 
or  regulator,  serves  for  the  discharge  of  any  excess  of  water  that 
wonla  accumulate  in  times  of  extraordinary  wet.  The  discharge- 
pipe  or  culvert,  is  for  supplying  the  lead  or  water-course  as  circum- 
stances require.     There  may  be  one  or  more  of  each  of  these  acces- 


146 


BACK-WATER  SWELL. 


,    .     9800       *»  «^    .       ^ 

mean  velocity «  2,80  gives  t* 

'  1000         '     *        ^ 


( 0,00749.    Hence,  by  means  of  the  same  ibrronla 


as  above,  we  get  for  the  distaooe  in  which  the  surface  lowers,  ao  that  the  depth  beoomet 

6  feet  instead  of  6,5, 

.  0,5  —  0,0000006421  .  30434  0.4845 


.00058  —  .00749 1^  .0,0000080385. 30434 
1000 


.000424 


1 1142  feet 


The  water  at  a  distance  1071 -f- 1142  as  22 13  feet,  is,  therefore,  only  6  feet  deep,  or 
the  height  of  the  back-water  is  2  feet  If,  again,  we  put  a^  —  a.  as  0,5,  and  F^  as  4  80, 
JF'ts440,  p  SB  85,1,  and  (s  0,00749,  then  /cs  1205  feet,  and  for  a  further  depression 
of  0,5  feet,  /b  1413  feet,  so  that  at  2213  feet4- 1203  feet-f-  1413  feetK4829  feet  back 
from  the  weir  there  is  still  a  rise  of  1  foot,  occasioned  by  it  For  the  4}  feet  deep  length 
/a  1922  feet,  for  4^  feet,  /s  1584  feet,  and  for  4,1  feet,  /»  1850  feet,  so  that  there  is 
still  a  difference  of -jJ^th  of  a  foot  at  a  distance  4  82  9+  1922+  1584 -{-  1850+  10185  feet 
back  from  the  weir,  and  diminishes  apyrards ;  but  for  4  feet,  or  eomptec  ctnaJtum  of  badB' 
water^  /^  oo  by  our  formula. 

Extmipk  2.  Required  the  height  of  the  back-water  at  the  distance  2,500  feet  back 
from  the  weir  of  the  last  example.  According  to  the  calculations  above,  there  is  a  rise 
of  2  feet  at  2 122  feet  above  the  weir,  and  the  question,  therefore,  is,  how  does  the  rise 
diminish  in  the  distance  2500  —  2122^  378  feet?  The  distance  back  from  the  6  feet 
depth  at  which  a  further  reduction  of  0,5  feet  takes  place,  has  been  found  above  to  be 

0  5 
1205  feet    Therefore,  for  each  foot  a  depression  of  J-!--  feet,  so  that  for  377  feet,  we 

1205 

should  have  -2—! ^0,157  feet,  and,  therefore,  the  rise  of  the  back-water  at  2,500 

1206  »•»-».» 

feet  back  from  the  weir  is  2  —  0,157  ^  1,843  feet,  and,  therefore,  the  depth  of  water 
B  5,843  feet    If  we  calculate  according  to  the  second  formula : 


0     *'o  = ::: — —i •» 


1-1.^ 


and  if  we  put  into  this  /^ 800, p^^m^Q^  a^  ^  7, 


ajlt^  as  560,  r^,— 


1400_ 
560  " 


•  2,5,  and  (ss0075,  we  get  the  depression  corresponding ^0,399 
5  800,  pj,  =  85.8,  Oq SB 7  — 0,399  =  6,601,  aJff^^62S, 


feet,  and  if  we   again  put  Is 

Vq  ^  11--  ss  2,652,  and  ( ss  .0075,  the  depression  is  found  to  be  0,383  feet     Continuing 

«>28 
in  this  manner,  but  setting  /  this  time  =  900,  p^  =  85,5,  a^  ss  6,601  —  0,383  a  6,218, 

a^fr^==497,44,r„—  Jl?!Lt=2»88,  and  fs» 0074 9, we  g^t the  depression fl^j— a ^-a 0,403 
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the  namerator  and  detiomlnator  become  more  nearl;  equal  to  0,  the 
greater  the  velocity  t^,  and  according  as  the  one  or  tha  other  first 
becomes  0,  we  have : 

^^^Z^ztM  .  .  orI«         K--^)'Q       _0, 


I 


„      p      ir 
F     2q 


We  perceive  from  this  that  when  the  numerator  becomes  =  Oj  the 
division  ^  or  the  limit  of  the  back-water  becomes  infinitely  distant, 
und  in  the  case  of  the  denominator  becoming  =  0,  the  length  Z  =»  0, 
or  there  is  no  back-water*     Now  the  numerator  becomes  *>  0^  when 

(  .  Z  ,  ^  S5  Bin^  a,  or,  when  the  velocity  of  the  dammed  water  differs 
f     % ^ 


m  an 


infinitely  email  degree  from  the  velocity  t^  =     f^ 


2ff  Fgin*  a 


f/» 


of 


the  uaiformlj  dowing  water  of  the  stream,  and  the  denoininAtor  be- 
comes s  0,  when : 

2     d'       .         i-»       a 

that  is,  when  the  height  due  to  the  velocity  =  half  the  depth  of  the 
BtreaiD. 

When  the-  height  due  to  the  vehmi^/  of  tfie  water  before  the  intro- 
dtiction  of  a  weir^  u  less  than  half  the  depth  of  the  undammed  water^ 
the  tack'Water  take»  the  form  ghown  in  Fig.  143,  and  if  the  height 
due  to  the  vehciiy  be  greater  than  half  the  depths  the  back-water  has 
the  form  Fig,  144,  there  being  a  rise  or  swelling  at  the  point  EG. 

Fig.  144, 


If  in  the  equation  nn^o,  =  f  ^  ,  5,,  we  put  -^  i 

F     2g  2g 


F  ^  a6,  and 


p  (though  it  be  only  approximately)  =  i,  we  have:  sin.  n  =  ^  f • 
Thus  the  circumetances  represented  in  Fig.  144,  are  likely  to  occur 
when  the  fall  or  inclination  of  the  atream  a,  is  greater  than  i  the 
(,0-efficient  of  reetBtance  C  ==  ,0075,  that  is  when  a  >  .00375,  or 
o  ^  sift?  ^'  1^  ^^  -^^*  -^,8  rivers  and  water-courses  have  generally 
a  less  inclination  than  this,  the  sudden  depression  EG^  Fig,  144,  is 
eldom  observable  in  them. 

JfUmark  I,  This  sudden  depression  of  the  back-water  was  fiftt  oJjserved  by  Bidonr, 
ill  &  L2  iiicli  wid«  trough,  in  which  m.  wne  ^0^033.  The  nine  appeamnc^e  la  luanifesled 
wben  the  iiicHnation  of  the  chnrmcl  dmngti*,  as  »hnwn  jn  ibe  Fig.  1 15,  If  the  dfgre* 
of  ioclititttjon  of  ihe  uppei  pan  be  greater  ihiin  i  (,  und  iociioation  of  die  lower  part 
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kes.  there  h  roimMl  at  the  pobt  of  ch&n|^ 
a  iuidl^  ot  Budden  rise  where  Uie  leas  «le|«K 
correipondin^  to  the  grreatcrinclinationf  pufses 
into  ibe  greatei  depth  cotreftponcJing  lo  t\m 
less  inHiDsdon. 

Rtmark  2.  Saint-Giiilhem  baa  given  an  etn- 
pirical  equation  fot  Uio  cwrve  of  the  buck- 
water,  but    the  author  ha»  given  one   tnr>m 
simple    and    accurate    m    the    '*Ml^tnwmgfi 
Mai(Mntm  Encyr^opl^Ee^^'*  article  "Bewe-gting  dea  Waasera/* 

§  Tl.  Se^enmrs. — In  districts  where  the  supply  of  water  is  smallj 
but  where  powerful  machines  are  nevertheless  required,  as  in  mining 
districts  generally,  the  construction  of  reservoirs  (Fr,  Jiangs  ;  Get, 
T^ichen)^  or  large  artificial  ponds,  that  fill  during  seasons  of  rain, 
and  supply  the  demands  of  drier  sea  sons,  is  a  matter  of  practical 
importance.  The  site  to  he  chosen  for  a  reservoir  Is  regulated  by  a 
variety  of  circumstances.  The  main  question  is  that  of  the  relative 
level  of  the  machines  to  which  the  water  is  to  be  applied.  This 
heing  satisfied,  they  are  most  advantageously  placed  in  a  deep  dean^ 
or  part  of  the  valley  where  they  can  collect,  not  only  the  rain-water^ 
but  the  streamlets  and  springs  of  as  large  a  surrouniiing  district  as 
possible.  In  such  a  situation  a  single  dyke  or  dam  going  square 
across  the  valley  is  sufficient  to  enclose  tbe  reservoir.  The  shorter 
the  dyke,  and  the  less  the  superficial  area  of  a  reservoir  for  a  given 
cubical  contents,  the  better.  The  steeper  the  banks,  therefore,  the 
more  economically  a  reservoir  is  formed.  The  lower  the  level  of 
the  reservoir  compared  to  the  surrounding  district,  the  greater  supply 
of  water  may  bo  led  into  it,  or  will  flow  to  it  naturally. 

In  selecting  the  site  for  a  reservoir,  great  attention  must  be  paid 
to  the  nature  of  the  bottom,  that  is,  its  impermeahility  must  be 

thoroughly  ascertained  j  also  its 
Fta,  Hfi.  -  -       -        -         ^ 


fitness  for  bearing  the  weight  of 
the  dyke  or  dam*  Artificial  pud- 
dling is,  of  course,  a  resource 
available  in  many  cases;  but  for 
very  extensive  reservoirs,  it  is  a 
precarious  and  expensive  remedy 
for  want  of  natural  impermea- 
bility. Fissures  in  rocks,  depo- 
sits of  sand  and  gravel,  morasses 
or  bogs  are  to  be  avoided  by  all 
means. 

Remark.  On  thii  it»hject,  t^Bmmkm"* 

and  Maiden  *•  WavtrbfUtkumi,^^ 

The  value  of  a  reservoir  depends 
chiefly  on  its  superficial  and  cubi- 
cal contents.      For  ascertaining 
these,  an  accurate  survey  is  neces- 
fi&ry.     The  points  1, 11,  III,  &c.,  of  Fig.  146,  are  laid  down  from  a 
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Bfmmrk  %*  Tb«  d^poait  or  i)Jm«^  And,  «nrl  the  growth  of  pknU,  diminiflhee  die  section 
or  wntar-courAeStSneJ  fall  is  tliereb/  tOflL  Tlie  wateT>cour«e»  muat,  therefore,  he  carefully 
cleaned  out  from  time  to  time. 

§  77.  Sluieet* — The  entrance  of  water  into  a  water-course  is 
either  free,  or  regulated  by  a  sluice.  If  the  water  enter  unimpeded 
from  the  weir-dam  or  reservoir,  in  which  it  may  be  considered  to  be 
9tillf  the  surface  of  the  w*ater  sinks  where  the  flow  commences,  and 
the  depression  is  proportional  to  the  initial  velocity  in  the  water- 
course, and  therefore  =s  — ,  which  height  must  be  deducted  from 

the  tothl  fall  of  the  water-course.     For  moderate  velocities  of  3  to  4 
feet  per  second,  this  depression  amounts  to  only  1|  to  3  inches. 

If  the  entrance  of  water  into  the  lead  be  regulated  by  a  sluice, 
two  distinct  cases  may  present  themselves.  Either  the  water  flows 
freely  through  the  sluice,  or  it  flows 
into  and  against  the  water  of  the 
lead.  It  will  generally  be  found 
that  the  depth  of  the  water  in  the 
leadj  is  greater  than  the  height  of 
the  sluice-openings  and,  therefore, 
there  occurs  a  sudden  rise  iS  at  a 
certain  distance  from  the  sluice  <.iC, 
Fig.  159.  The  height  ^C=  ^  of 
this  rise  is  a  function  of  the  velo- 
city V  of  the  water  in  the  lead»  and  of  the  velocity  v^  of  the  water 
coming  up  to  the  sluice,  such  that 

x^  ^ ^--j  and  if  we  deduct  this  height  from  that  due  to  the 

2^       2ff 
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velocity  r^,  or  JlC^  A  -i  ^,  then  the  head  causing  the  initial  velo* 
city  V  IS : 

2g       \2g       2^/2/ 
or  exactly  the  same  as  if  the  water  were  discharging  freely.     As  the 
eluice-opening  is  never  perfectly  smooth,  there  is,  of  course,  a  certain 
resistance  increasing  the  head  required  by  10,  or  even  more,  per 
cent. 

If  we  put  G  ^  the  area  of  the  section  of  the  water  flowing  in  the 
lead,  and  F^  the  area  of  the  slnice-openmg  CD^  then  €h  =*  fVj, 
and,  therefore,  the  rise 

and  aubstituting  for  ^  the  height  due  to  the  velocity  or  the  head 

^C  =  A,  a:  =>  fl  —  (—\  n  A.     If  the  difference  x  i  a  — «?  ^  of  the 

depth  of  water  a  and  a^he  less  than  [l  —  (—\   |  ^,  the  rise  occurs 
VOL.  IL— 14 
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further  €hwn  the  lead ;  bat,  if  it  be  greaterj  then  the  rise  ocenra 

nearer  tbe  sluice^  till  at  last  the  dia- 
charge  takes  place  under  back-water, 
as  shown  in  Fig.  160.  In  thia  case, 
the  head  ^B  =  h  has  not  only  to  pro* 
duce  the  velocity  v  in  the  water  of 
the  lead,  but  also  to  overcoine  the  re- 
sistance arising  from  the  sadden 
change  of  the  velocity  v^  into  the  velo- 
U  city  V  of  the  lead.  If  we  put  i^=  the 
area  of  the  openings  and  G=  the  area 

of  the  lead,  the  loss  of  head  occasioned  by  this  transition  is: 

and  hence  the  fall: 

2g  ^\F       VW 


AB-h. 


w».[i  +  (°-,)-]g. 


It  IS  obvions  that  the  difference  of  level  of  the  water  before  and 
behind  the  sluice,  is  so  much  the  greater,  the  smaller  the  sluice- 
opening  F  in  proportion  to  the  section  of  the  water  in  the  lead  G. 

ExampU.  A  lend  of  5  feet  mean  width,  and  3  f«et  depth,  sop  plies  45  ctibjc  feet  p^r 
leootid.  It  U  fetl  tbfough  a  sluice  4  feet  wideband  1  iocA.  opening.  Required  bow  mocU 
higher  the  water  will  stand,  before  the  sluice  Than  behind  iu     G  ^5  X  ^^  1^  square 

3     15 
I'eet.     F^A  X  1^4  square  feet  ■  i'^  J  J  ^  3  feet  per  second,  and  u,  =s  ^-^ —  ^  y 

sill  feet 

Now  a*  r  1  —  (^*]  ^  =  [1  —  {fifl  S,03  =  1,88  feet  it  le^tban  a—  0^  =  3  —  ) 

^  2  feet,  it  is  evident  that  ibere  will  not  be  a^«f  diarhargt.     The  forrotila 

A^ll+f_  —  M    \^  give*  the  difference  of  level  required 

A  =  (;i  -f  2,75'}  0,1 3&  =  a,56  X  0,1 3«f  =  1,1S*  feett  which  mtiBl,  howeTefj  be  inonsaaed 
10  per  cent  at  least,  on  accotiiit  of  the  resistances  at  the  opening* 

§  78.  Pipe9,  Conduit  Pipe%, — Pipes  are  usually  employed  when 
smaller  quantities  of  water  are  to  be  brought  to  supply  uiachiuei!, 
such  as  the  water-pressure  engine,  and  turbines  of  very  high  fall* 
They  have  the  advantage  of  much  greater  pUability  than  open  con- 
duitSy  but  their  adoption  instead  of  open  canals,  depends  entirely  on 
local  circumstances  in  the  question  of  relative  advantage. 

Pipes  are  made  of  wood,  of  pottery,  of  stone,  of  glass,  iron,  lead, 
&c*  Wooden  and  iron  pipes  are  those  most  usually  employed  in 
connection  with  water-power  engined.  Wooden  pipes  are  usnally 
formed  from  large  trees,  because  straight  pipes  of  12  to  20  feet  in 
length,  and  from  IJ  to  8  inches  bore^  or  internal  diameter,  may  be 
got  from  this  timber.  The  bore  is  generally  J  of  the  diameter  of 
the  tree*  Wooden  pipes  are  jointed  or  connected  together  as  shown 
in  Figs,  161  and  162. 
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Fig.  181  m  a  conical  mortice  with  a  hindinff  ring  and  packing  of 
hemp^  or  linen  iteeped  in  tar  and  oil     Fig*  162  is  a  connection  by 
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Fig.  163. 


means  of  an  iron  double  spigot  going  from  1  to  2  inctfis  into  the 
ends  of  the  two  pipes. 

Iron  pipes  are  the  most  durable  and  most  umversally  employed^ 
of  all  pipes.     They  are  cast  of  any  diameter,  and  have  been  used^ 
as  large  as  5  feet  bore.     The  length  of  each  pipe  rarely  exceeds  12 
feet,  and  is  less  as  the  diameter  is  greater.     For  3  feet  diumeter, 
they  are  about  9  feet  long  each,  in  England,     To  prevent  internal 
oxidation^  they  are  sometimes  boiled  in  oil^  sometimes  lined  with 
wood,  or  with  Roman  cement*     The  thickness  of  metal  must  be  pro- 
portional to  the  pressure  they  have  to  bear,  and  to  their  diameter, 
according  to  Vol  I,  §  283.     ^he  jointing  of  iron  pipea  is  effected] 
either  by  flanges  and  bolts,  as  shown  in  Fig.  163,  there  being  anl 
annular  packing  between  the  flanges,  or  by  the  Mpt\got  ^nd  faucet^  ai 
Bhown  in  Fig.  164,  (which  is  considered  the  best  and  cheapest  mode. 
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Fig.  164. 
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when  the  packing  is  properly  done  with  small  folding  wedges  of 
hard  wood.)     A  collar,  or  ring,  as  shown  in  Fig.  165,  iB  sometimes  f 
used.    The  packing  is  either  leather,  felt,  leatl^ 
iron  rust^  or  wood.     The  more  effectually  to ' 
prevent  all  leakage,  there  is  sometimes  a  small  ^ 
internal  ring  put  in  (counter-sunk]  to  cover  I 
the  joint*     A  flexible  joint,  as  shown  in  Fig, 
166j  is  sometimes  necessary  (as  for  crossing  fc  j 
river,  where  it  is  necessary  to  let  the  pipe  rest 
on  the  original  bed  of  the  river).     Where  the  pipes  are  exposed  to  j 
changes  of  temperature,  expansion  joints,  as  shown  in  Fig.  167,  i 
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A  c:^^^ 
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tDuat  be  introdoced,  that  the  expatision  and  contraction  of  each  con- 
siderable length  may  not  injure  the  pipes  or  joints.  The  expaDsion 
of  cast  iron  is  .0000111  of  its  length,  for  each  degree  of  centigrade; 
and,  therefore,  for  a  change  of  temperature  of  50^,  or  from  winter 
frost  to  summer  heatj  the  expansion  would  be  0,000553.  Therefore, 
for  every  900  feet,  there  is  an  expansion  and  contraction  of  6  inches. 
This  is  to  be  compenmted  by  an  arrangement^  such  as  is  shown  in 
our  last  figure,  where  the  pipe  B  is  movable  through  the  water-tight 
stuffing  box  C.  There  should  he  a  com pensation  joint  for  every 
length  of  300  feet  exposed  to  a  change  of  temperature, 

I  79.  Pipes  cannot  of  course  be  laid  so  as  to  maintain  a  straight 
line ;  but  rise  and  fall,  and  turn  from  right  to  left  in  their  course- 
It  18  a  general  maxim  to  avoid  all  sudden  changes  of  direction  in 
laying  pipes.  All  bends  should  be  effected  by  curved  pipes^  of  as 
great  radius  as  possible,  or  the  bore  of  the  pipe  should  even  be 
increased  at  bends,  to  avoid  loss  of  ria  viva  in 
the  water.  When  a  pipe  bends  over  an  eleva- 
tion, as  in  Fig.  168,  there  is  a  disadvantage 
arises  from  the  collection  of  air  at  />,  as  this 
contracts  the  section,  and  would  gradually  stop 
the  flow  of  water.  To  prevent  this  accumulation 
of  air,  vertical  pipes  jfL,  called  ventilators  or 
windpipes^  are  placed  on  the  summit  of  the 
pipe^  through  which  air,  or  other  gases  given  off 
by  the  water,  can  be  discharged  from  time  to 
time,  by  means  of  a  cock,  to  be  turned  by  the 
inspector  of  the  pipes.  To  make  these  ventilators  self-acting,  the 
arrangement  shown  in  Fig*  169  has  been  adopted*  In  this  ventilator 
the  discharge  valve  V  is  connected  with  a  float  S 
of  tinned  iron,  which  is  pressed  upwards  as  long 
as  it  is  surrounded  by  water,  and  thug  keeps  the 
valve  shut,  but  falls  or  sinks  downwards  when  the 
space  about  it  becomes  filled  with  air^  and  then  the 
valve  13  opened  to  discharge  the  air.  As  air  col- 
lects at  the  highest  points  of  a  conduit  pipe^  so  the 
sand  or  slime  collects  at  the  lowest  points.  To 
remove  any  deposits  of  this  nature,  wmte'cocka  are 
placed  at  these  points,  by  which  the  pipe  is  scoured, 
or  separate  receptacles  for  the  deposits  are  attached 
Ij  to  the  pipes,  and  these  are  cleared  from  time  to 
time,  as  may  be  found  necessary.  The  deposit  is 
favored  by  the  greater  section  of  these  receptacles,  and  sometimes 
by  the  introduction  of  check  or  division  plates,  which  atill  more  retard 
the  flow. 

Cocks  for  fluskifuj  the  pipes  are  introduced  more  or  less  frequently, 
according  to  the  purity  of  the  water,  and  the  rate  of  flow  through 
the  pipes,  and  seldom  at  less  interyals  than  100  feet.  For  aseer* 
taining  the  point  in  the  pipe  where  any  obstruction  has  occurred, 
piewmeteTB  (VoL  h  §  344)  are  very  useful. 
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For  regulating  the  discharge  of  water  through  pipes,  cocks  and 
slides,  and  valves  are  used.  The  effect  of  these  ha!s  been  shown  in 
Vol.  I.  §  340,  &c.  In  order  to  moderate  the  effects  of  the  impulse 
or  shock  arising  on  the  sudden  closing  of  a  cock,  or  other  valve,  it 
is  useful  to  have  a  loaded  safety  valve,  so  placed  that  it  will  open 
outwards  when  the  pressure  exceeds  a  certain  limit. 

Remark,  The  most  detailed  treatise  on  the  subject  of  conduit  pipes,  is  Geniey's  **Ettai 
mar  la  Moftm  de  eowkdrty  dikver,  ti  de  dUhritmar  let  comx."  Mattbew^s  **  Hydnmka^''  and 
the  **  Cipil  Engineer  and  JhrkUett't  Journal^**  contaiu  much  useful  information  on  this  sub- 
ject   Hagen,  **  Wlamerbmdamtt^"  Vol.  L  has  a  chapter  on  water  pipesL 

§  80.  The  general  conditions  of  motion  in  conduit  pipes  have  been 
already  discussed.  If  A  be  the  fall,  and  I  the  length,  a  the  diameter 
of  the  pipe,  {  the  co-efficient  of  resistance  at  entrance,  C^  the  co- 
efficient for  friction  in  the  pipe,  and  {^  &c.,  the  co-efficients  for 
resistances  in  passing  bends,  cocks,  &c.,  and  UT  o  be  the  velocity  of 
discharge,  we  have : 

A-(l  +  f  +  f.i  +  f.  +  ..)^, 

and  if  Q  be  the  quantity  of  water : 


,.(,+f+t,^+t.+..)(i5)-. 


ist<e 

We  see  from  this,  that  for  carrying  a  certain  quantity  of  water  Q, 
so  much  less  fall  is  requisite,  the  greater  the  width  of  the  lead.  If 
there  be  two  pipes  instead  of  one,  the  two  together  having  an  area 
equal  to  the  one,  and  supposing  each  to  take  half  the  whole  quantity 
of  water,  the  fall  necessary  is : 

\  dy/J  /V*/     2g{dy^y 

.(x+r+t..I^  +  ,...)(l^y.^; 

80  that  in  this  case  the  fall  is  greater,  or  the  head  required  is  greater, 
80  that  it  is  mechanically  better  to  employ  one  large  pipe,  than  two 
smaller  of  equal  section  when  united. 

Calculations  for  whole  systems  of  pipes,  where  there  are  numerous 
subdivisions  of  branches,  become  exceedingly  complicated.  The 
case  in  which  water  is  brought  from  different  sources,  and  the  pipes 
ultimately  united,  is  of  the  same  nature. 

The  general  nature  of  such  calculations  is  as  follows.  If  the  sub- 
division takes  place  in  a  reservoir  which  has  a  much  ereater  sectional 
area  than  the  main  pipe,  the  water  comes  there  agam  to  rest,  or  the 
whole  m  viva  is  destroyed,  and  has  to  be  acquired  again  in  the 
branch  pipes.  The  same  loss  of  vit  viva  occurs  when  several  branches 
come  together  in  a  reservoir,  from  which  one  main  pipe  carries  off 
their  waters.  In  this  case,  the  calculation  reduces  itself  to  a  sepa- 
rate consideration  of  each  branch  and  pipe,  and  requires  no  further 
elucidation.  The  collecting  reservoir  should  be,  if  possible,  placed 
at  such  levels  as  will  ensure  the  same  mean  velocity  in  all  the  pipes, 
in  order  that  the  loss  of  head  or  of  vis  viva  may  be  the  least  possible. 

♦14 
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In  the  case  of  a  simple  sabdi vision  or  /orjfc,  it  is  mechanically  ad- 
vantageous to  make  &uch  arrangements  that  the  water  may  moVe  in 
all  the  pipes  with  the  same  velocity.  If,  besides  this,  the  branchea 
be  curved  off  properlyy  80  that  there  is  no  sudden  change  of  direc- 
tion in  the  passage  of  the  water  from  the  main  into  the  branches,  it 
may  be  assumed  that  there  is  no  loss  of  head  or  tm  viva.  In  the 
case  sketched  in  Fig.  170,  let  k  «  the  head  BCj  I  the  length,  and 

Fig.  170, 


d  the  diaraeter  of  the  main  pipe,  and  let  h^  =  the  head  or  fall  D^E^^ 
?j  the  length,  and  d^  tlie  diameter  of  the  one  branch,  and  rf^=  ^^^i* 
?j,  and  rfj,  the  fall,  length,  and  diameter  of  the  other  branch,  and 
also  let  Cj  t?„  (?j,  he  the  velocities  of  the  water  in  these  three  branches, 
and,  lastly,  let  C  be  the  co-efficient  of  resistance  for  entrance,  and  fj 
the  co-efiicient  for  friction  of  the  water.  Then,  for  the  length  of 
pipes  JlCE^,  we  may  put : 

for  the  length  of  pipea  .^C£, 


4 


c  of  the  main  pipe,  is  eqnal  to 


^„andQ,^^ 


e^  of  the  two 


But  the  quantity  of  water  Q 

the  snm  of  the  quantities  Q^-  ^, ^  ^^  ^ 

branches;  and  hence  we  may  put: 

By  aid  of  these  three  equations,  three  quantities  may  be  deter- 
nuned.  The  more  usual  case  is,  that  of  the  fall,  the  length  and  the 
quantity  of  water  being  given,  the  necessary  diameter  of  the  pipe  is 
required.  If,  then,  we  assume  a  certain  velocity  c  in  the  main,  we 
get  the  width  of  this  pipe  by  the  formula: 

d  =     I — j:,  and  we  have  then  only  to  solve  the  equations: 
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By  transformation,  we  get  similar  equations  for  determining  d^  and 
d^  as  in  Vol.  I.  §  382,  viz.: 

f.^,+^.-[2«(*+«.)-{f+f.^)-](i^)'.«"'' 

we  can,  therefore,  as  in  Vol.  I.  §  832,  pnt; 

and  in  order  to  obtain  a  first  approximation  to  the  values  of  d^  and 
(f,,  we  may  omit  these  from  the  part  under  the  radical.  If  c^  and  c, 
come  out  to  be  very  different  from  c,  attention  must  be  paid  to  the 
co-efficient  Cp  being  variable,  and  its  value  for  each  of  the  pip^  in- 
troduced,  and  the  determination  of  d^  and  d^  repeated. 

Example.  A  system  of  pipes,  to  consist  of  one  main  and  two  branches  is  intended  to 
cany  15  cubic  feet  of  water  per  minute  by  one  branch,  and  24  cubic  feet  by  the  other. 
The  levels  shewed  that  in  a  length  of  1000  feet  of  main,  the  fall  was  4  feet,  the  first 
branch  had  a  foil  of  3  feet  in  600  feet  length,  and  tlie  second  1  foot  in  200  feet  What 
most  be  the  diameters  of  the  pipes  respectively?  If  we  suppose  a  velocity  of  2)  feet 
per  second  in  the  main,  then  its  diameter 

d^    /ISb    /-Ij-^bs    /.^k0,57&4  feet  »  6,9  inches.    If  now  (according  to 

%J»c       Wt.60»      s/26» 
Vol.  I.  §  436),  we  put  the  co-efficient  of  resistance  for  entrance  (^  0,505,  the  oo  efficient 
of  friction  (Vol.  L  §  435)  for  velocity  c»  2,5  feet,  (,  »  0,0253,  and  as  2  g  »  64,4,  and 

(-y  I"  1»621,  we  have  for  the  diameter  of  the  branches 

»|  0,0253.  600  + rf.  ^  ,y 

W64.4  .  7  —  (0.805  +  0,0853  .  1738)  .  y  ^'"^ 

_si  15.18+ rf.  -7;;;r,- */">.">+'*■, .™i 

>/450,8  — 877,98  ^       1706 

M0,oa53.80O+rf.  (.  '  p^  +  f     If  we  flm  neglect  rf,  and  rf, 

*       W    328,0  —  277,98  ^"'        W     169,7  '  * 

under  the  radical,  we  get  the  approximate  values  </,  ss    f — 1-  ^0,39  feer,  and 

i^  1706 

</  as  *  /  5^  ^  Q^g^  ^^^^    jf  ^g  jj^^  introduce  the  value  on  the  right-hand  side  of  the 
'      J  169,7 

equation,  we  gel  more  accurately  d^  ^    /-^-^—  ^  ^>391  feel  and 

^  1706 

-J  109,7 


55£  s:  0,505  feet    The  diameter  d^ «  0,39 1  corresponds  to  a  velocity 


c,  =  IS  .  —  a \ a 2,082  feet, 

*       •^     wd,*       0,39 1'.»* 


and  the  diameter  </,  =  0,505  corresponds  to 


:M Z ass  1,997  feet, 

•^      ».U,0U5'' 
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tod  hence  we  ibonld  have  note  mdoanufy  Ibr  the  flnt  bmnofa  pipe  (« ^  002(^3,  and  for 
the  other  {;i»0,0270^  and  hence  with  the  best  acouracjr  which  the  loraiula  admitt 
*jf^i263  .  (HX)  +  0,391 


«/. 


J70«J 


1 0,394  feet  IK  4,7  indies,  and 


^t«*  */0'0g70.  800  +  ^505 


J   170« 

i'/^^. 0,511  feeta 6,13  indies. 
W  16».7 


CHAPTER  IV. 


OF   VSBTIOAL   WATER   WHEELS. 

§  81.  Water  Power. — ^Water  acts  as  a  moving  power^  or  move% 
^Hiaehine%  either  by  its  weighty  or  by  its  vU  vivCj  and  in  the  latter 
case  it  may  act  either  by  preMsure  or  by  impact.  In  the  action  of 
water  by  its  weight,  it  is  supported  on  some  surface  connected  with 
the  piachine,  that  sinks  under  the  weight ;  and  in  the  action  by  its 
ffi%  viva  it  comes  against  a  surface  yielding  to  it,  in  a  horixontal 
direction  generally,  which  is,  in  like  manner,  an  integral  part  of  the 
machine.  If  Q  be  the  quantity  of  water  for  Q  y  the  weight  of 
water)  available  as  power,  per  second,  and  A.  the  faU^  or  the  per- 
pendicular height  through  which  the  water  tails  in  giving  out  its 
mechanical  effect,  then  the  mechanical  effect  produced  is :  Zn  Qy . 
h^  Qhy.  If,  again,  c  be  the  velocity  with  which  the  water 
comes  upon  any  machine,  the  mechanical  effect  produced  by  its  vi$ 
vivOj  is : 

That  water  may  pass  from  rest  to  the  velocity  e,  a  fall,  or  height 


IV 


WATBB  WHEEL8. — BUCKET  WHEELS.  165 

resistances  of  friction,  &c.,  interfering.     The  efficiency  of  a  water- 

power  machine  may  be  represented  by  ^  »  7rr~»  ^^^  ^^  merits  of 

different  machines  are  proportional  to  the  approximation  of  this 
ratio  in  their  case,  to  nnity. 

From  the  general  formula  L  ik  Q  A  y,  it  is  manifest  that  fall  and 
quantity  of  water  are  convertible  terms ;  so  that,  by  doubling  the 
height  of  a  fall  with  a  given  quantity  of  water,  we  have  the  same 
power  as  by  doubling  the  quantity  of  water,  and  retaining  the  ori- 
ginal height. 

Exaimfk.  There  is  a  fall  of  10  feet  yielding  12  cubic  feet  of  water  per  second.  The 
machine  oees  only  8,5  feet,  however,  and  the  water  leaves  it  with  a  velocity  of  9  feet 
per  second,  and  the  friction  is  ascertained  to  be  750  feet  lbs.;  required  the  efficiency  of 
this  machine. 

The  available  mechanical  effect  X  k  12  x  10  X  62,5  b  7500  feet  lbs.  (Pniss.),  and  the 
effect  of  the  fall  used  r=  12  X  8|5  X  6-^3  a  6376  feet  lbs.  The  mechanical  effect  lost  from 
the  mt  twa  retained  in  the  water  leaving  the  machine  is  0,0105  x  9*  X  1 2  X  62,5  ik  94 1 ,2 
feet  lbs. ;  and  the  mechanical  effect  consumed  by  flriotion  bb  750  feet  lbs.;  and,  therefore, 
the  useful  effect  of  thU  machine  Po  b  6375  —  (94 1,2  -f  750)  k 4683,8  feet  lbs.,  and  the 

efficiency.  i£!^«.  624. 
7600 

§  82.  Water  Wheels. — The  machines  used  as  recipients  of  water- 
power,  are  either  wheels,  (water  wheels,  Fr.  rauei  hydraulique%; 
Ger.  Wcuierrdder;)  or  engines  with  pistons,  water-presBure  engines, 
(Fr.  machines  d  eolonnes  d'eau;  Ger.  Wassers&ulen'maschinen.) 
Water  wheels  are  essentially  ^Hhe  wheel  and  axle,"  with  water  as 
power.  Pressure  engines  consist  of  a  column  of  water,  pressing  on 
a  movable  piston. 

Water  wheels  are  either  vertical,  the  axle  of  the  wheel  being  hori- 
zontal, or  they  are  horizantalj  the  axle  of  the  wheel  being  vertical. 

Vertical  water  wheels,  concerning  which  we  shall  first  treat,  are 
either  overshot,  (Fr.  roties  en  dessus;  Ger.  Oherschldgige,)  or  breast 
wheels,  (Fr.  roues  de  c6tS;  Ger.  MittelsckUigige,)  or  undershot,  (Fr. 
roues  en  dessus;  Ger.  UnterschUtgige.)  The  water  comes  on  to  the 
wheel  near  the  top  or  summit,  in  overshot  wheels ;  near  the  middle 
or  level  of  the  axle,  in  breast ;  and  near  the  bottom  in  undershot 
wheels.  In  the  first,  the  water's  weight  is  chiefly  the  source  of 
mechanical  efiect,  whilst  in  undershot  wheels  it  is  the  inertia  of  the 
water,  and  in  breast  wheels,  the  weight  and  inertia  both  that  are 
usually  effective.  Undershot  wheels  sometimes  hang  freely  between 
boats  in  a  wide  stream,  and  sometimes  in  a  confined  course,  which 
is  either  straight  or  curved.  Breast  wheels  are  generally  hung  in  a 
curved  channel  or  course.  It  is,  perhaps,  necessary  to  distinguish 
from  the  above-named  vertical  wheels,  Poncelet's  wheel,  in  which  the 
water  acts  by  pressure  in  its  ascent  and  descent  on  curved  buckets. 

§  83.  Bucket  Wheels, — All  vertical  water  wheels  consist  of  an 
axle  of  wood  or  iron,  with  two  journals  or  gudgeons — of  two  or  more 
annular  crowns  or  shrouding s-^oi  a  set  of  arms  connecting  the 
shrouding  with  the  axle,  and  of  a  series  of  cells  or  buckets  between 
the  shrouding — and,  lastly,  of  s,  flooring,  which  reaching  from  crown 
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to  crown  on  their  under  side,  forms  a  close  cylinder.  The  backets 
divide  the  annular  space  bounded  by  the  shroudings  on  the  flooring 
into  a  series  of  compartments,  which,  when  the  buckets  are  placed 
more  tanffentiallj  than  radially,  form  water  troughs  or  ceUa.  This 
latter  is  the  general  construction  of  the  buckets  of  OYcrshot  and  breast 
wheels,  which  are  thus  distinct  ftom  the  simple  floaU  of  undershot 
wheels.  For  overshot  wheels,  the  water  is  led  on  to  the  wheel  by 
a  trough  or  channel  having  a  regulating  sluice,  and  falls  thence  into 
the  second  or  third  cell  from  the  summit  of  the  wheel.  If,  then, 
the  wheel  be  once  in  motion,  each  cell  gets  partially  filled  with 
water  as  it  passes  the  discharge  of  the  water  trough  or  lead,  and 
retains  the  water  till  near  to  the  bottom  of  the  wheel,  when  it  falls 
out,  so  that  there  is  always  a  certain  number  of  cells  filled  with 
water  on  one  side  of  the  wheel,  and  this  keeps  the  wheel  continuously 
revolving.  Overshot  wheels  have  been  constructed  for  fiills  varying 
from  8  to  50  feet,  and  sometimes  even  up  to  64  feet  in  height,  and 
for  quantities  of  water  varying  in  every  degree  up  to  50  cubic  feet 
of  water  per  second.  It  is  often  more  advantageous  to  put  up  two 
or  three  smaller  wheels,  than  one  very  large  one ;  for  the  weight  of 
the  parts  becomes  inconvenient. 

The  fall  of  a  water  wheel  should  be  measured  as  between  the  eur- 
face  of  the  water  at  the  jpentrouffhj  or  regulating  sluice,  and  the  sur- 
face of  water  in  the  tail  race^  the  depth  of  which  latter  will  depend 
of  course  on  the  quantity  of  water,  and  on  the  breadth,  and  the 
inclination  of  the  race.     In  order  to  lose  as  little  of  the  effect  as 
possible,  the  bottom  of  the  wheel  should  be  as  near  as  possible  to 
^       the  surface  of  the  race,  so  that  the  height  from  the  surface  of  water 
^       in  the  pentrough  to  the  bottom  of  the  wheel  may  also  serve  as  a 
^    '    true  measure  of  the  height  of  fall.     If  there  be  any  risk  of  baek^ 
water  in  the  race,  the  wheel  must  be  hung  at  an  extra  elevation  ac- 
cordingly. 

§  84.   OoTiMtruction  of  Water  Wheeh, — ^Water  wheeU  are  made  of 


coNSTftucrroK  of  watee  wheels. 
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■■^.y^ 


Fig.  172  16  an  iron  water  wheel-  Cast  iroE  discs,  or  naves  BD, 
ftre  aet  on  the  axle  *^C,  and  to  these  the  arms  are  attached  by  bolts. 
An  intermediate  ring  or  crown  is  introduced  when  the  wheel  becomes 
more  than  7  or  8  feet  wide,  and  this  has  either  a  separate  set  of 
arms  or  diagonal  arms,  as  shown  by  BG^  &c.,  brought  from  this  to 
the  na%"e  of  the  onter  crowns.  Through-bolts  are  introduced  to  bind 
the  whole  firmly  together.  The  prime  mover  in  the  train  of  me- 
chanism is  often,  as  shown  in  Fig.  172,  a  toothed  wheel,  forming 
the  periphery  of  an  ontside  crown  ELF^  and  this  works  into  a  pinion 
on  a  lying  shaft  MJ^.  In  practice,  this  pinion  should  be  rather 
below  than  above  the  level  of  the  axle,  and  on  the  side  on  which  the 
water  is.  The  buckets  are  of  sheet  irouj  and  bolted  to  ribs  of 
aitffle  irony  cast  on  the  inner  surface  of  the  crowns,  or  fastened  to 
them. 

§  85.  Dimensions  of  Parts^ — The  axle,  the  gudgeons^  and  the 
arms  of  the  wheel,  must  have  dimensions  proportioned  to  the  weight 
and  power  of  the  wheel.  To  find  these,  the  principles  and  rules  of 
the  third  section  of  the  first  volume  are  to  be  applied.  The  dimen- 
sions of  the  axle  may  be  determined  either  in  reference  to  the  mo- 
ment of  inertia  of  the  wheel  and  the  resistance  to  tormon  of  the  axle^ 
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A 
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^^4¥l 
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or  in  reference  to  the  weight  of  the  wheel,  and  the  resistance  of  the 
axle  to  transverse  strain.  In  Vol,  I,  §  211,  it  has  been  shown,  that 
in  the  ease  of  a  solid  round  cast  iron  axle  of  radius  =  r,  acted  upon 
by  the  atatical  moment  of  an  effort  F  equal  to  Pa»  that  Fn  ==  12600 

K  where  r  and  a  are  expressed  in  inches.     Hence  t  =     Lr^ 

inches  =  the  radius  of  axle;  and  if  a  be  expressed  in  feet,  then  the 
diameter  of  the  axle 

But  the  mechanical  effect  corresponding  to  the  moment  P«,  «,  being 
the  number  of  revolutions  of  the  wheel  per  minute,  is 

F  ,  nua 

30.650' 


Hua , 


L^Pv  =  F    ^^ 

30 

10500  L 


feet  lbs.,  or  J  in  horses*  powers  L  ^ 
hence  Pa  ^  ,  and 

rf-=  0,197^1^0.^1  =  3,34  ^lincBe. 
But  for  greater  securitj,  we  generally  make  <f  «=  6,12     (^ 


inchl 


BDIINSIONS  OF  PARTS.  169 

If  the  axle  be  square,  the  side  of  the  square 
*  -  '  \-^  .  d-  0,94  d,i.e.,*-  6,76  '  (-  inches. 

If  the  axle  be  made  hollow,  the  formulas  given  in  Vol.  I.  §  209 
and  S  210  are  to  be  used  with  the  above  co-efficients.  Wooden 
axles  should  be  from  8  to  4  times  as  large  in  diameter  as  iron  axles. 

If  the  toothed  wheel,  transmitting  the  power  of  the  water  wheel, 
be  an  integral  part  of  it,  as  in  Fig.  172,  the  axle  undergoes  a  less 
torsion-strain  by  the  moment  of  the  power,  and,  therefore,  its  dimen- 
sions should  be  determined  in  reference  to  the  weight  of  the  wheel. 
For  this  we  may  make  use  of  the  formulas  given  in  Vol.  I.  §  202, 

Q  (LJl  _  |\  .  ^  (A*,  in  which  we  substitute  for  Q,  G  the  weight 

of  the  water  wheel,  c  the  breadth  of  the  wheel,  /  the  length  of  the 
axle,  and  /|  and  /.the  distance  of  the  centre  of  the  wheel  from  the 
two  gudgeons.     Hence  for  a  square  axle; 


.       .  ^IQG/LL       c\ 


K 

And  if  for  —  we  put  1000  lbs.  as  a  minimum,  and  expressing  /,  /^, 
b 

and  t„  and  c  in  feet,  we  get  for  square  cast  iron  axles: 

*  -  0,229  'J G  (L^  —  I)  inches, 

and,  on  the  other  hand,  for  round  cast  iron  axles: 
d-,;||-1.198. 5-0,272  ;j^Al_f), 

Wooden  axles  must  be  made  at  least  as  large  again. 

The  diameter  of  the  gudgeon  d^  is  deduced  from  the  well-known 

formula  given  in  YoL  I.  §  196,  Pl^jt^K,  substituting  in  it  for 

r  »  -^ ,  and  /  the  length  of  the  gudgeon,  which  is  generally  about 

equal  to  ifp  its  diameter.     Hence  we  should  have  for  the  diameter 

— -^  •  P,  for  which  we  may  put  in  practice  d^  »  0.48  \/P, 

P  being  the  pressure  on  the  gudgeon.     Buchanan's  rule  is  d^  a* 

0,241  •P'inches. 

The  arms  of  the  wheel  must  evidently  be  of  strength  sufficient  to 
resist  the  moment  of  rotation.  If  this  moment  be  aeain  taken  s  Pa, 
and  the  number  of  the  arms  in  each  set  of  arms  of  the  wheel  s  n, 
80  that  tot  m  douUe  sat  of  arms  the  total  number  of  arms  »  2  n, 

Pa 

then  the  Boment  whiek  a  single  arm  has  to  resist  •■  ^  •    If*  now, 

6  »  the  kteadth,  and  h  the  thickness  of  aa  arm,  and  if  the  length 
of  the  ar«W«fiili»4ke  radius  of  the  ifkeAm^An^trom  Vol. 
VOL.  n. — 15 
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I.  §  196,  we  have 


Pa 
2n 


hh^  ^y  or,  as  b  is  made  »  mh,  or,  in  iron 
6 


D  1^ 

generally,  J  A,  and  in  wood,  $  A,  f.  e.,  ^r-  »  mA^  _,  and  hence  the 

thickness  of  the  arms  sought,  measured  in  the  direction  of  the  plane 
3  \8Pa 


of  revolution,  is:  A  » 


If  we  introduce  the  effect,  and 


d  —  6,12    1^,  we  have  also  A  » 


^  mnK 
number  of  revolutions  of  the  wheel,  then,  for  cast  iron  arms,  A 

10,4  ^  f  —  inches.    And,  as  the  diameter  of  the  axle  was  found 

3  11-        .  .     .      l,7rf       A       1,7         J     ,. 

^r,  or  -  —  -1= ,    and,    there- 
in        o       iyn 

fore,  for  4,  6,  8, 10,  12, 16  arms,  the  values  of  ^  -  1,08,  0,94, 

a 

0,85,  0,79,  0,75,  0,67,  and  from  A,  we  deduce  the  breadth  6,  mea- 
sured in  the  direction  of  the  axis. 

3  f  l^ 

For  wooden  arms  A  =  13,6      — ,   and  hence  we  can   deduce 

b^lih.  . 

According  to  Rettenbacher,  the  number  of  arms  in  a  set,  or  to 

one  crown  (of  which  there  are  always  two  at  least),  is  n  b  2  / -  + 1  j. 

If  a  wheel  be  8  feet  wide,  or  wider,  the  number  of  sets  of  arms 
should  not  be  less  than  three. 

Example.  A  cast  iron  water  wheef,  weighing  35,000  lbs,  gives  an  eflfect  of  60  horse- 
power, making  4  rerolutions  per  minute;  required,  the  dimensions  of  its  principal  parts. 

13,2  inches,  and  that  of  its  gudgeons 


The  diameter  of  a  solid  axle  is  i/^ 6, 12 


4^ 


d,  s  0,048     \}^^  ^  o|  Inches,  which  might  be  Timdo  7  inches.     BucIiq nan's  f^i- 
-J     3  ... - 


THB  PROPORTIONS  OF  WATER  WHESLS.  17& 

SCD  ■■  e,  by  which  the  point  of  entiunee  of  the  water  Ddeviatea 
from  the  summit  S  as  giyen. 

Then  A,  »  CF+  CB^  a  +  aeo%.^^  (1^+  eo%.%)  Oj  and  hence, 

inyersely,  a  »  - — I^  ^  •    From  the  radins  of  the  wheel  a,  and  the 

velocity  r  at  the  circumference,  the  number  of  revolutions  per 

.     ^  80r 

minute  u  » • 

ica 

When  1^  is  given,  we  can  determine  a  and  v.    As  o  »  "W'  ^^^ 
cai  s  ^1-r^  in  which  s  is  a  given  ratio  -^  we  have: 

4nd  hence  a  M 1 1»  u  ay  ^^^  ^i^^  solution  of  this  qnsd- 

1  +  e0».9  ' 

ratic  cgottion  gives; 


1   a      •0»OOQ772  (»  wy  A  »  (1  +  w.  e)«—  (1  +  eo$.  «)       , 
"  0,000886  (. «)»  ' 

henoe: 

2.  »-!^"- 0,1047. -a.  *  '     ^' 

80 

Exmmpk  1.  For  a  imil  of  30  feet,  a  wheel  is  to  be  constructed  to  havii.S  fct' liaJOflity 
at  eirouinference,  and  taking  on  the  water,  at  12^  from  t]ie  summit  with  twicMi  Ac  ifaofe 
▼ekxnt/.  What  is  the  radios  of  wheel  required,  and  what  the  munber  of  mfol^ifiiAl 
cm2X  S«:l6feet,andheiiceA,Bl,l  x  0,0155  X  161^4,30  fte^ and 

30-4,36        25^,  12,9  feet;  lastly,  >«   ^>^^   ,S^> 
1+C0S.12®       1,978         ^  '        "  »X12,9      ^"^ 

gjuwyfc  2.  If,  inversely,  the  number  of  revolutions  be  5,  then  lor  the  abore  fiUl,  and 
other  pfoportions  a  ^  2«  and  the  radius  of  the  wheel : 

*"  0,0386  "0,0386™ 

Again,  the  Telocity  at  the  circumference  v  ^  0,1047  X  5  x  13,41  ^  7,02  feet,  the  Telo> 
city  at  entrance  ^  14,04  feet,  and  lastly,  the  height  of  fall  due  to  this  latter  Telocity  ^  A, 
M  1,1  +  0,0155  X  14,04<«  3,47  feet 

§  88.  The  proportions  of  the  wheel,  in  reference  to  depth  of  the 
shrouding  and  width  of  the  wheel,  are  important.  The  depth  of  the 
crown  (or  fffoter  tpace)  is  made  10  to  12  inches,  and  sometimes  even 
14  to  15  inches,  and  this  proportion  is  chosen,  because  the  water  in 
a  wheel  with  thallow  shrouding,  acts  with  greater  leverage  than  it 
would  do  on  a  wheel  of  eoual  radius  with  deeper  crowns.  As  to  the 
width  or  breadth  of  the  wheel,  it  depends  on  the  capacity  to  be  given 
to  the  wheel.  If  d  be  the  depth  of  crowns,  and  e  the  .vidth  of  the 
wheel  (or  distance  between  the  internal  surfaces  of  the  crowns),  then 
the  section  of  the  annular  space  above  the  flooring  of  the  wheel  is 
«  d  «,  and  if  v  be  the  velocity  at  the  middle  of  the  crown's  depth, 
the  capacity  presented  to  the  water,  per  second,  is  d  e  ,  v.  But 
this  cannot  be  considered  equal  to  the  quantity  of  water  delivered 

15* 
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Fig.  IS«. 


remain  in  them  to  ai  near  the  bottom  ef  the  ivbeel  as  possible,  bat 
no  further.  By  the  varioui  forms  adopted,  these  requirements  are 
more  or  less  perfectly  fulfilled.  The  two  requiremems  are  in  fact 
often,  to  a  certain  extent,  incompatible ;  for  if  the  cells  be  made  very 
close,  the  entrance,  as  well  as  the  exit  of  the  water^  becomes  much 
impeded*  If  the  buckets  be  merely  plane-boards,  aa  shown  at  vJD, 
Fig.  186j  tbe  entrance  of  the  water  ig  quite  free  certainly,  but  then 
It  kmves  the  cells  too  soon,  so  that  there  is  a 
great  loss  of  mechanical  effect.  To  prevent 
this  too  early  loss  of  water,  tbe  bucket  would 
have  to  be  very  long,  and  the  angle  ^DE^  at 
which  the  bucket  inclines  to  the  radius  C£, 
very  large,  L  e.^  nearly  a  right  angle.  As  this 
is  a  practical  difficulty  in  construction,  it  is  pre- 
ferred to  make  the  bucket  in  two  parts,  or  by 
a  second  piece  DB,  to  give  the  bucket  a  bottom 
or  flooring  of  its  own.  The  bottom  DB  is 
sometimes  termed  the  start,  or  shoulder^  and 
the  outer  piece  BJi^  the  arm^  or  wrkU  The 
former  is  generally  placed  in  the  direction  of  tbe  radius,  Bometimes 
at  right  angles  to  the  outer  piece,  or  arm.  Tbe  circle  passing 
through  the  elbow  Bj  made  by  the  junction  of  the  shoulder  and  arm^ 
is  termed  the  divuion  circle.  In  the  older  construction  of  wheek, 
this  circle  is  generally  found  placed  at  |  of  the  depth  of  the  shrouding 
from  the  interior,  or  the  sole  of  the  wheel*  Ae^  however,  tbe  capacity 
of  a  cell  is  greater  the  wider  the  shoulder-blade  i>^{Fig.  187  J  is,  oV 
the  greater  the  angle  J^BE  (which  we  term  tbe  elbow  angk)^  we  now 
ofiuSly  find  the  division  circle  in  the  middle  of  the  depth  of  the 
shrouding*  The  capacity  of  a  cell  will  then  depend  only  on  the 
width  or  position  of  the  arm.  The  simplest  construction  of  buckets, 
is  to  make  tbe  end  A  of  the  arm  AB  8tart  from  the  prolongation  of 


FiE.  Ifi7. 


Fi«,  ISS, 


the  shoulder  next  above  it  A^i,  or,  by  letting  the  arm  be  included 

between  the  sides  of  the  diYision  angle  3  ~  — ^-^ .     But  this  con- 

n 

struction  does  not  close  or  cover  the  cells  sufficiently,  except  for  very 

shallow  shrouding,  and,  tbcreforej  the  usual  plan,  for  wheels  up  to  35 

to  40  feet  diameter,  is  to  let  the  arm  extend  over  \  of  the  dimension 

angle^  or  the  arc  EA  la  made  «  |  EE^y  Fig.  188-     From  the  radiua 
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CJl »  ef,  and  the  central  angle  ACB  s  |3j^  included  by  the  urm^  we 
can  easily  find  the  elbow  angle  JiBE  —  a.     In  the  triangle  ACB  as 

CB  =.  CE~BE -=  <5( _|,  then ; 


tang,  i  ■, 


a  aiit.  ^1 


__a(l  — £^0#-i3j 


Erat»|jfe.  A  30  fret  whwU  fbroudin^  10  incHei  deep,  is  to  buve  (ncctiridins  to  Langf* 
tlorfs  rule)  1 H  -|-  3  X  1 5  ^i^  63  buekpi&,  or,  «sty  64,  euthI  «hcIi  k  Ui  exiend  over  |  of  the 
t)tirj«k)ii  BfiiEle,     Wbtii  wili  be  th«  eiliow  nnjfle?     We  have: 

is  J^Y  s=  ,^^i°,  licnce  f  =  J  X  V  =^  ^  9^?"*  —  '°t  *'*  ^''^  ®^  ""^t* 
.  I J  Jin.  7^,  l',a'2'',  5  30 .  0,lt24l  4.40e>7S 

f(mj?>  t  ^  -.*,-.^ — .^^^^^ ! — ! .! _ ss  , : — ^ — . —  ^ ^  , 

/j  —  i:U  I  ^  oji.  7«»  1',  Q2'\  5)        1  —  ati  X  ^007 02        i>,7'-^&-^li 

I  90.  The  position  of  the  arm  of  the  bucket  may  likewise  be  de* 
teripined,  by  adopting  as  a  rule,  that  the  least  section  of  a  cell  shall 
be  somewhut  greater  than  the  section  of  the  water  coming  on  to  the 
wheel-  If  the  cells  come  exactly  under  the  water-^ef,  then  this  con- 
struction would  permit  the  water  to  enter  freely,  and  the  air  to 
escape  unhindered.  This  may  be  done  as  follows-  From  a  point  of 
division  B,,  Fig.  189j  in  the  division  circle  (or 
line  of  pitch  of  the  bucketM)  with  a  radius  greater 
by  one  or  two  inches  than  the  thickness  of  the 
water-jet,  or  layer,  describe  a  circle,  and  from 
the  next  adjacent  point  of  division  B^  draw  a 
tangent  .R^  to  this  circle-  This  is  the  position 
of  the  arm  of  the  bucket  required,  for  then  the 
least  width  B^Jf  of  the  cell  JiBD^  is  equal  to 
the  radius  of  that  circle.  But  in  order  to  de* 
termine  the  thickness  of  the  layer  of  water 
coming  (from  the  pentrough)  on  to  the  wheel, 
we  must  know  the  fall  A^  from  the  surface  of  the  water  in  the  pen- 
trough  to  the  point  B^Jfi  also  the  quantity  of  water,  and  the  width 
€  of  the  wheel-    Aa   Q^  d^e  y/2ffk^^  therefore,  the  thiokness  in 

question  dj  ™ =^i,  and  to  allow  of  free  escape  of  air,  we  make 


Fip.  lea 


e  ^2gh^ 


B,N. 


+  1  or  2  inches.     If  equal  spaces  for  the  exit 


of  air  and  entrance  of  water  be  allowed,  then  d^ 


2Q 


would 


e  s/2gk, 
be  the  equation  to  be  satisfied. 

Buckets  in  three  parity  as  AEBD^  Fig.  190,  give,  cmterU  paribui^ 
more  capacity  than  those  in  two  parts,  without  any  greater  contrac- 
tion,  There  is,  therefore,  mechanical  advantage  in  this  form,  though 
it  be  more  expensive  to  execute-  Curved  buckets  are  best  of  all,  as 
shown  in  Fig,  191,  and  this  is  the  great  advantage  of  sheet  iron,  to 
which  this  form  can  readily  be  given.     If  the  section  of  bucket  is  to 


gLUICES. 


in 


he  compoied  of  two  segmentg  of  circles,  then  it  is  only  uecess&ry  to 
find  the  position  of  the  arm  of  a  bucket,  by  any  of  the  planes  above 


Fig.  190. 


FiK.  m. 


'^en — at  its  bisection  M  (Fig.  191),  to  erect  a  perpendiculaf,  and 
from  any  point  O  at  will  to  describe  an  arc  with  the  radius  OB^  and 
from  any  point  A''  in  it,  to  describe  another  arc  to  complete  the  bucket 
^IBD  of  a  snttablc  form* 

E^tmpk,  Ifjn  ihe  ^vheet  ofcmr  eimmple  m  $  S8,  the  jei  or  layer  of  WAl«»r  railing  OQ 
the  wheel  bu  2|  r««l  ^11^  then  us: 

<J- 10. .„d**54,rf.»^:l?'^^^l:ii'«  0,157 re.1. 

If  now  we  allowr  an  equal  thit^koi*8»  for  the  eiil  of  ihe  »jr,  tlien  the  lea«  dismnce  of  iwo 
buclt«ta  becomei  0,314  feet,  or  3j  incbeB. 

Reiiwrk  To  fiii<1  ilie  elliow  anjile  I.  ux  ihnt  cofittnietirfwi  of  buekci  wJiicb  t*  bMeden 
ihe  ihleknefi  of  the  tayer  of  wjtTer,  It-!  us  put : 

1=  lW^CSJ^lhiJ^~CBF,^B,Bjz 


ISO* 


but  Mkf  ■ 


rf. 


.,  H'heri  rf,  b  rbe  Imm  diitftnee  lieiwe^ri  two  hndketi^  oml 


o,  th«  i«<Uuv  uf  Uie  i 
feet  J  hence  tin.  ^  5=  - 


ni«pfi  ctrek     For  the  la*t  exantipte,  iS  =  :  ^.  r/,  s  0.1  H,  a^  = 


29  «f«  24**       1,^06 

+ 2*»,  ao'  —  H*  aa'^  78".  fa^ 

§  91.  Sluices,  Penttough^^  or  PenHocki. — The  method  of  bring- 
ing the  water  on  the  wheel  is 

of  no  small  importance-   Either  '^'  ^    ' 

the  water  falls  freely  out  of  the 
lead  or  trough,  or  it  is  pent  up 
by  a  sluice^  or  pentrougb,  or 
penstock,  before  entering  the 
wheeL  In  the  former  casej  the 
velocity  of  entrance  depends 
on  the  inclination  of  the  trough 
or  the  height  of  falK  In  the  second  case,  it  inuy  be  rcguhtetl  by 
ai^ueting  the  height  of  head  created,  and,  therefore,  this  latter 
method  should  be  preferred*  Fig.  192  ghowg  a  trough  without  a 
regulating  sluice;  but  there  is  a  wmfe  board  at  F  by  which  the 
qumitity  of  water  can  be  regulated.     If  the  water  flows  along  tbe 
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trough  with  a  velocity  e^,  and  if  the  fall  from  the  end  of  it  to  the 
centre  of  the  cell  ■«  Aj,  the  velocity  ^ 


cwm  s/2gh^  +  e* 


Q\' 


4^,*.-.  (I) 


if  Q  be  the  quantity  of  water,  and  F  the  sectioiial  area  of  the  water 
coming  on  the  wheel. 

The  penstock  (Fr»  panned;  6er.  SpannBehtUwe)  is  either  yertical, 
horizontal,  or  inclined.    Fig.  193  shows  the  arrangement  of  a  hori- 


Flg.  193. 


FifrlM. 


zontal  sluice,  and  Fig.  194,  that  of  a  vertical  sluice.     The  construc- 
tion of  inclined  sluices  as  shown  in  Figs.  195  and  196.     The  one, 


FiK.  195. 


Fig.  196. 


Fig.  105,  is  the  arrangement  general  in  the  Freiberg  district,  the 
sluice  being  raised  and  depressed  by  means  of  a  screw  S.  In  Fig. 
196,  a  simple  lever  is  used  for  these  purposes.  It  is  a  general  rule 
for  these  penstocks,  to  make  them  as  smooth  as  possible  inside,  and 
to  round  off  the  edges  of  the  orifice,  so  as  to  adapt  it  to  the  form  of 
the  contracted  veiuj  that  the  resistance  may  be  the  least  possible.  If 
the  water,  after  passing  the  sluice,  fall  quite  freely,  and  if  we  can 
place  the  plane  of  the  orifice  at  riffht  angles  to  the  jet  of  water,  it 
Womes  then  advisable  to  make  the  orifce  as  in  a  thin  phte^  but 
in  that  case,  care  must  be  taken  that  partial  contraction  does  not 
occur,  for  this  gives  rise  to  an  obliquity  of  the  jet  (Vol.  I.  §  819). 

In  the  discharge  from  penstocks,  the  velocity  of  discharge  is  de- 
duced from  the  height  h^  by  the  formula  (^i  «  t  \/2  jr  A|,  and  if  A^ 
be  the  height  of  fall  after  passing  the  orifice,  to  the  centre  of  the 
cell,  then  the  velocity  of  entrance  c—  s/e^+2gh?^  \/2y  (»*A^+A,). 
If  we  take  the  velocity  co-efficientt«0,95,  then  (?■■  s/2g  (0,96Ai+ A,), 


SLUlCBg. 


F.ff  11*7. 


We  see  from  tbis,  that  for  equal  falls  the  velocity  of  entrance  must 
be  very  nearly  equal,  whether  it  flow  on  freely,  or  be  discharged 
from  a  sluice,  on  to  the  wheel. 

§  92*  That  the  water  may  enter  unimpeded  into  the  wheel  cells, 
it  must  not  come  in  contact  with  the  bucket  at  the  outer  circum- 
ference, but  nearej  to  the  inner  circumference  or  bottom  of  the  cells. 
Hence,  not  only  must  the  outer  edge  of  the  buckets  be  sharpened 
off,  but  the  layer  of  water  AC,  Fig.  197, 
must  be  so  directed  that  its  velocity  may 
be  decomposed  into  two  others,  one  of 
which  is  in  the  direction  of  the  velocity  of 
the  wheel  Av  =  r,  and  the  other  in  the 
direction  AB  of  the  arm  or  wrwt  of  the 
bucket.  As  we  may  assume  the  direction 
of  the  outer  element  of  the  bucket — the 
velocity  at  the  outer  circumference  of  the 
wheel  IS  at  right  angles  to  the  radius  jiC 
of  the  wheel — and  the  velocity  c  of  the 
water  coming  on  to  the  wheel,  to  be  given, 
we  shall  have  the  required  direction  of 
the  water  layers  if  we  draw  through  i^  a 
parallel  to  AB^  and  with  c  as  radius, 

describe  an  arc  from  A  as  centre,  and  draw  from  A  to  the  inter- 
section of  the  arc  with  the  parallel,  the  straight  line  Ac^  or  by  calcu- 
lation as  follows : 

The  angle  which  the  velocity  v  of  the  circumference  makes  with 
the  outer  element  of  the  bucket  ^B  =  v  JiB  =  %  may  be  deduced 
from  the  elbow  angle  ABE  ^  fl,  and  the  division  angle  ACB  ^  d, 
by  the  equation  *  —  ACS  +  BAC^ ^^  +  90**  —  t,  and  hence  ^=90'* 

From  f,  V  and  c  we  have  the  angle  c  ^B  =  4,  by  which  the  direc- 
tion of  the  layer  of  water  must  deviate  from  that  of  the  arm  of  the 
bucket^  in  order  that  the  water  may  enter  the  cells  unimpeded :  for 


_,  and,  therefore, 

€ 


V  im, 


1  ^  vco%A^^^  ^g^^  y^j^  j^  g  32  J 


Again;  the  angle  c  Aff  of  the  direction  of  the  water  layer  to  the 
horizon,  is  i^j  ^  f  —  4  +  B»  B  being  as  above  the  angle  AOtSj  by 
which  the  point  of  entrance  of  the  A  water  on  the  wheel,  deviates 
from  the  summit  A 

The  relative  velocity  Ae^  =  c^  with  which  the  water  enters  the 

cells  is  ..  _  """-/^-^l 

Examptt.  Soppoie  8^  weter  wheel,  tli©  ve]ocity  at  tlie  circamference  of  wUich  «  as  10 
fr^f,  itie  vejocijy  of  the  water  c^l5  feet,  the  elbow  ungle  =s  7(>§^,  the  division  angle 
d,^4|^fand  (be  poiot  of  entranoe  of  the  water  deviaies  12*  from  the  summit:  then 
f  &90<>^(70i*  — 4i^)=a4^  and,  tlierefote,  «rt.  ^  =  |(  wn,  2 4*»  =  0,27116.  hence 
4  ^  15*,  44'-    Thii%  that  th*  water  ma/  enter  unimpeded,  the  deviation  of  Uie  Inym 
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and  for  the  angle  of  iQcUnation  TPJf^  v,  which  the  parabola  makes 
with  the  horizon  on  this  point, 

''"^'*"'  pjv"  pjr  "  y^ 

The  plane  PK  of  the  sluiee-board  mmt  be  set  at  right  angles  to 
the  tangent  PT;  and  thus  we  find  the  required  position  of  the  sluice 
hoards  if  we  set  off  the  abscissa  OJV*in  the  opposite  direction  OT^ 
draw  PT^  and  erect  a  perpendicular  to  it  PK. 

If  the  sluice-aperture  be  set  at  the  apex  of  the  parabola,  then  the 
sluiee-board  will  have  to  be  vertical.  

The  velocity  of  discharge  at  P  is  e^  ™  %/c*  —  2  ^  a,  and  the  cor- 

/*^ 

reaponding  theoretical  pressure  height  h^^  ^ a,  or  the  eflfective 

% 

height  =»  Ijl /^^^ a\  when  the  orifice  is  nearly  rounded.     The 

breadth  of  the  sluice-orifice  is  made  a  little  less  than  the  breadth  of 
the  wheel. 

Example.  For  veloeity  f  ^  1  &  ffiet,  and  unck  t,  =s  ^r^^*  (me  e  Kemple  ro  In^t  pfl  raffmpli ), 
Ihe  uoorditintPi  of  iKe  pamtjolaa  mpci  nn*  3^,  ={10155  .  1 5' (m. 'iOi*")' =e  (M3  feet, 
and  y^  ^0/>i55  ,  15* ,  «».  40^'^  ^^^TiffeL  K  now,  ihe  (^mre  of  the  »ltJieiMijjeni»r« 
i*  TO  Ijp  1  jiM'bet  ^  0.333  feel  above  the  paint  of  erilmjoce,  iJien  the  ccKirdiriate*  iroin  the 
centre  of  ihe  opening: 

ar=0,43  — 0,S3«0»l,  |«a,33  J-iL  =  l,ll  feet,  and 

0  ^ 
tAng  t  ^  —^—^  9°,  &e^,  and  hence  the  incliAaiion  of  the  iluioe-bqaid  to  tbo  bc^ixoa  ig 

1.11  * 

«9C^^>=»90*»~9^&fi'»80«*,  a'. 

§  94.  SfftM  tff  Impact — In  the  overshot  wheel,  the  water  acta 
in  some  degree  by  impact',  but  chiefly  by  its  weigh t,  Wc  determine 
the  effect  of  the  shock,  by  deducting  from  the  whole  effect  eorre- 
aponding  to  the  im  viva  whieh  the  water  entering  the  wheel  posseaae^, 
the  mechanical  effect  retained  by  the  water  when  it  leaves  the  wheel, 
and  that  lost  by  the  oscillatory  and  eddying  motion  of  the  water  in 
the  cells.  The  velocity  of  the  water  leaving  the  wheel  may  be 
aasumed  as  equal  to  the  velocity  f  j  of  the  wheel  in  the  diviaion  circle, 
and  hence  the  mechanical  effect  retained 


ia  this  water  is 


The  mechanical 


Fig.  9on. 


effect  lost  by  the  oscillation  and  eddying 

motion  of  the  water  may  be  put  equal  to 

i,  a 

-^  Q  yj  where  tr^  is  the  velocity  suddenly 

% 

lost  by  the  water  entering  the  wheel.     If, 

therefore,  c^  be  the  velocity  Bcj^  Fig, 
^00,  of  the  water  entering  the  wheel,  tht* 
mechanical  effect  still  inherent  in  its  vh 
viva  is: 


YOL.  ir. — 16 


4*^  t 


•••  •^ 


««U  ^  T 
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in  the  case  of  the  wheel  revolving  slowly,  may  be  greater  than  in 
one  moving  more  rapidly ;  and  hence  we  perceive  that  it  by  no  means 
follows  as  a  matter  of  course,  that  the  slower  a  wheel  revolves,  the 
greater  its  efficiency  will  be, 

§  96.  Effect^  of  the  Waters  Weight— The  cells  of  a  water  wheel, 
when  filled,  form  an  annular  water  space  AB^  Fig.  201,  which  ia 
termed  the  water  arc,  as  the  water 
enters  at  the  upper  part  of  this  arc,  FirsOL 

and  leaves  it  at  the  lower  end,  its 
height  k  is  the  effective  fall,  and,  there- 
fore, the  mechanical  effect  given  off 
by  the  weight  of  water  =  A  .  Q  y. 
The  height  of  the  water  arc  may  be 
Buhdivided  into  three  parts*  The  first 
part  ffM  lies  above  the  centre  of  the 
wheel,  and  depends  on  the  angle  SC^i 
=  e,  by  which  the  point  of  entrance 
deviates  from  the  vertical  passing 
through  the  summit  of  the  wheel.  If, 
again,  we  put  the  radius  of  the  wheel 
OA  «  a,  the  height  of  the  upper  part 
of  the  water  arc  MM  =*  a  €o».  e.  The 
second  part  MK  lies  below  the  centre 
of  the  wheel,  and  depends  upon  the 
pint  D,  at  which  the  wheel  begins  to 
lose  water,  or  to  9piU.  If  we  put  the 
angle  MCD  by  which  this  point  lies 
below  the  eentre  of  the  wheel  =  i,  then 
this  second  height  MK  =  a  #m.  x.   The 

third  part  includes  the  arc  J)B^  m  the  course  of  which  the  wheel 
empties  each  bucket  in  turn.  If  we  put  MOB^  the  angle  by  which 
the  point  B^  at  which  the  buckets  are  emptied,  deviates  from  Jfthe 
centre  of  the  wheel  =  *j,  then  the  height  KL  «  a  (nn.  x,  —  gin.  x). 
Whilst  now  in  the  two  upper  parts  of  the  arc,  the  water  has  its 
entire  effect,  it  communicates  only  a  part  of  its  mechanical  effect  to 
the  wheel  in  this  third  part,  because  here  it  gradually  quits  the 
wheel,  and,  therefore,  the  total  effect  of  the  water's  weight  must  be 
represented  by  a  {eo9.  ©  +  «in,  x)  ^  y  -f  a  (sifi.  x,  —  «m<  x)  Q^  y,  when 
Q^  is  the  mean  quantity  of  water  effective  in  the  lower  division  of  the 
water  arc* 

If  we  combine  with  this,  the  effect  of  the  impact  of  the  water,  we 
have  the  total  mechaDical  effect  of  an  overshot  water  wheel: 

L^  Pifmm  Vlj C^ lL_l  +  a  (cos.  %  +  nn.  ^))Qr 

+  a  {$in,  %i — ttn.x)  Q^^* 

or,  if  we  put  the  height  a  {cot,  e  +  sin.  x)  of  the  part  of  water  arc 

taking  up  the  entire  effect  of  the  waters  A„  and  the  remaining 

part/a  »in.  %^  —  tm,  x)  «=  A^,  and  the  ratio  ^  =  »j  then: 
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Z-fp-(('^»^'''-^')^»   +A,  +  .;i,)Qy, 


and  the  force  at  circumference  of  the  wheel: 


(- 


9 


A,  +  »A,)^ 


Example.  The  Telocity  of  entrance  of  the  water  on  an  overshot  wheel  of  30  feet 
diameter  is  c,  s=s  15  feet,  the  velocity  v^  of  the  division  circle  ■■  ^  feet  The  angle  by 
which  the  direction  of  the  water  layer  deviates  from  the  direction  of  motion  of  the  wheel 
at  the  point  of  entmnce,  it  8^^,  and  the  deviation  of  this  point  from  the  summit  of  the 
wheel  is  18^.  The  deviation  of  the  point  where  the  wheel  begins  to  lose  water  from 
the  ceotjre  of  the  wheel  x  ^  ftS^^i  and  the  deviation  of  the  lowest  point  in  the  water 
arc  ftom  the  centre  of  the  wheel,  or  X.  ^  70j°.    Lastly,  the  quantity  of  water  going  on 

to  the  wheel  Q  ^  5  cubic  feet  per  second,  and  «  s=s  Jii  is  assumed  as  }.     Required  the 

Qflect  of  the  wheel.  First,  the  effective  impact  /al/s=s  0,031  (15  cm.  8}°— 9f)  .  0}n 
1,60  feet;  and  the  effective  wei^kt  fall  is : 

15  (cm.  12^4-siii.  5«iO}+  y  (mi.  70}°  — fin.  58i<>)s=15  (1,8307  + 0,0450  s=28,14 
feet,  and  heiioe  the  total  efieet  of  the  wheel  is  (160  +  28,14)  .  5  .  62,5  k 9256  feet 

Ibt.  ^  17  horse  power,  and  the  force  at  the  division  circle  is  ^  1000  pounds, 

nearly. 

§  96.  We  easily  perceive  from  this,  that  for  the  exact  determina- 
tion of  the  effect  of  the  weight  of  the  water  on  an  overshot  wheel, 
it  is  essential  to  know  the  two  limits  of  the  arc  in  which  the  wheel 

^S  of  the  mean  quantity  of  water 

contained  in  the  cells  in  this  part  of  the  water  arc,  to  that  originally 
received  by  them.  On  this  subject  we  must  now  endeavor  to  ascer- 
tain the  necessary  roles. 

If  there  be  n  buckets  in  the  wheel,  and  if  it  make  u  revolutions 

per  minute,  there  are  presented  —  cells  per  minute  to  receive  the 


loses  its  water,  and  the  ratio  x 


quantity  of  water  Q,  and,  therefore,  into  each  cell  there  goes  the 


I  • 


I  • 
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f 


f 


Each  cell  will  hfi,ve  emptie^  itself  wben  thf  outer  element  of  the 
bucket  becomes  hort2oritalV^,  ttiercfore,  the  angle  CBO^  which  this 
outer  element,  or  the  wriet  of  the  bucket^  mukeB  with  the  radiua  =  %^^ 
then  Xj  gives  us  the  angle  MCB^  which  fixes  the  point  where  the 
cells  have  emptied  themselves.  In  order,  therefore,  to  find  the  eflPect 
of  the  water  on  the  discharging  arc^  let  ua  divide  the  height  KL  =  a 
{iin.  %^  —  JiH,  jl)  into  an  even  number  of  equal  parts,  indicate  the 
position  of  the  bucket  for  each  of  these  points  of  division,  draw  hori- 
zontal lines  through  the  sections  of  the  water  in  the  cells  for  each 
of  these  positions,  and  reckon  the  areas  F,,  f,,  F^  .  *  .  F^^  of  these 
seotions.  The  mean  value  F  of  these  may  be  determined  by  the 
Simpsonian  rule,  putting 


3n 


and  from  this  we  get  the  ratio  of  the  mean  quantity  of  water  in  a 
cell  in  the  discharging  arc  to  the  quantity  in  a  cell  before  it  begins 
to  empty  itself; 

ErampU.  Tht^re  ure  300  cobifi  fert  of  water  pet  mtniil^  *uppli«il  lo  a  wnlM  wheel 
40  r»Mft  ia  flinmetf^T,  making  4  revolutions  per  rnmiite.  Wliiti  i»  tlie  i?irtfci  of  nudi  h 
wlieej  I     If  we  suppose  ilio  dejitli  vf  the  «hTOutling  lo  b^  1  fooi^  then  ihe  witlrlt  of  th« 

wheel  «  —    '  ^^      gi  ^  =  '2,i  feeL     If  tlieie   be   J  30   biickei*  on   llie   wUecf,  tU« 


.  40 .  L  .  4       4m 
fiymUtjr  of  water  in  vmch  ceil :  Vz 
0;55I5 


tUt  B«f bn :  F  3 


.  eqimre  fef?t 


300  75 

4  .  136™   130 

144  .0,56 1 5 


^  0^5515  cubic  ft!«t,  and,  li«fio«^ 
K  33^09  tq^mrt  inches.    By  aoe«- 


2,4      ■  a, 4 

r«te  rnt^furemeiit  on  tbe  buckets  ihemaelves,  as  ibey  are  represented  b  Ftg>  SC2,  ilita 

Fi^202. 


Area  of  the  »cgmeiit  ^^BD  i«  24,5N  «qinre  luetie»,  nml  that  of  the  tn&ngJ«  wf^F/?  ^102 

»t|uaf«  iiidiPi^.  tienoe  (ii>r  tUt*  commenceitienl  of  tliiicbarge ' 


fting.  X  =  ^         * 


UMI 


:^  ^  1 ,2973.  amt,  therefore,  X  =  52°,  22^.    Th« 


i-  J44  Ti 

mn^\«  m  wtiieli  tbe  wriat  of  fbe  U^cket  iiwets  ilie  inJjuf  is  X^  s=  02**,  30^,  nntl,  theTefore, 
liift  liektEht  K*4^  of  tbe  pnrt  of  the  dL^cbarging  nrc  j-eiaiDiuf^  water  ift  ^  a  (tin,  > ,  —  hfLx) 
=  20  (0,81*70—0,^920)13  1.70  feet.  If  widjin  lliis  lieijjhi  we  delineat*;  diTws  rebiive 
iKnliioiu  of  a  iKMJfet,  we  flud  hf  Eii^BUreiiir^ni  and  cakulaikiiip  the  sedioti  of  Ibe  water 

16* 
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tpttce  in  ttie  bo<Aei  Tor  th^sa  po^ttkm*  i  F^  ^  S4,50 ;  F^ss  14,49,  ind  Fg  m^  6,60  >^ti«r« 
Incbea^  Asi  now,  dje  ite<^jon  at  ttie  oomntencemenl  ia  F^»^  33|0^,  and  al  ibe  etid  U  ii 
F^^O,  we  aha  11  jiiml  the  miio: 


F        33,09  +  4  (24,50  +  fi^flO)  +  9  .  14,48        15,5375 


1-4!  .  33,09 


33,«0 


1  0,469. 


Fig.  ao3. 


If,  agBin,  the  water  enter  ih©  wJieel  at  10**  below  the  (ummjt,  and  with  «  velociiy 
ft  ^  — — ,  90  that  the  wftler  acts  without  thock^  then  the  whole  tnechanical  effect  gireo 

cot.  fd. 

off  by  the  wheel,  rteglecung  llie  friction  of  the  mle,  ift ; 

X  =  <i  [ro#.  ©  H-  *iit,  X  +  0,4 09  {tin.  X,  —  n«.  X)]  X  5  K  *^S»55 
=  aO  (0,0848  +  0,7920+0,469  ,  0,085)  6600  =  1,8167 .  62*25  «s  U30S  feel  Hm.^23,5 
tjowe  power^ 

I  97t  i^MwiJ^T  of  5«e^e^<* — As  we  have  above  indicated,  the 
capacity  of  the  wheel  to  hold  water  should  be  made  as  great  a»  poi- 

sible,  or  the  buckets  Bhauld  retain 
the  water  as  long  as  possible,  so  that, 
cwteris  partbus^  the  maximum  effect 
of  the  fall  of  water  is  obtained  when 
the  buckets  are  placed  ao  close^  that 
the  water  stirfac©  AH^  Fig,  203,  in 
the  bucket  beginning  to  empty  itself, 
is  in  contact  with  the  bucket  Jifi^D^ 
next  above  it.  If  we  take  this  con- 
dition as  basis ^  we  can  d^uce  &  for- 
mula for  determining  the  number  of 
buckets.  From  the  angle  of  dis- 
charge MCF^  FAH^  X,  and  the 
depth  of  the  shrouding  AF^  d,  we 
have,  approximately,  Fff  =  d  .  tan^,  x.  If,  now,  we  assume  the 
divuion  circle  to  be  at  half  the  depth  of  the  shrouding,  we  may 
then  put : 

B^ff^  2>iF=  ^  Fff=^d  tang,  %. 
If,  again,  we  introduce  the  angle  of  division  EOE^  »  iJ,  and  the 
bucket  angle  ACE  ^  ^^^  we  get  the  angle  ACM^^^^  —  4^  and, 
approximately,  the  are  J)^F=  '^i  (**! — ^h     By  equating  the  two 
values  of  D*F  we  have  a^  (A^  —  ^}  =  J  d  tang.  %,  and,  therefore, 

4  «  4^  _  I  1  tariff,  X. 


If  the  thickness  of  the  buckets  s 
of  buckets  would  be 

360^      2^      


n  = 


sO,  then  of  course  the  number 
2« 


^ 


^^  —  i^tang.  x 


but  as  the  space  occupied  by  the  buckets  is  something  considerable, 
we  must  take  it  into  calculation^  and  thus  make  the  divisioti  angle 

greater  by  an  amount  corresponding  to  an  arc  — ,  or  we  must  tJte : 


^ 


2a, 


tang.  X 


I 


I 

I 


If  we  introduce  tang.  %  »  — ^  ^ fj.,  and  F^^ 

get: 

and,  therefore^  the  required  ntimber  of  buckets 


id* 


then  we 


60  Q 


a^d 


nua^d 


-> 


If  we  put  d  e 


2  nua^de  —  6Q  Q 
r^lj  a,d  +  Bd  —  {S+D)lu  e 

~ —^  then  we  have  more  simply: 


n^ 


ft  a. 


and  if  we  take  D 


i  ^i  a^  d^  then : 


H  Uyd 


^  *  i^^a^d+Bd  —  :^  

It  is  also  easy  to  perceive  that  the  angle  of  discharge  %  ia  still 
more  increased,  when  (as  is  represented 
in  Fi^,  204)  the  bucket  immediately 
following  that  which  is  about  to  dis- 
charge, comes  in  contact  with  the  sur- 
fkce  of  the  water  *^M^,  in  that  bucket, 
with  tiftat  ntrface  instead  of  a  corner ; 
or,  when  the  tcrut  of  the  bucket  is  not 
set  in  a  radial  direction,  but  in  such  a 
position,  that,  shortly  before  discharge 
commences,  it  is  horizontaL  In  this 
easCj  the  segment  or  triangle  5™  jIj 
B^  Dj,  is  increased  by  a  triangle  B^  D^ 


H^  and  hence  tung,  %.  i 


and,  therefore^  also  the  angle  of  discharge  k  becomes  greater* 
Iron  buckets  are  always  rounded  at  the  corner  B. 

Exampk,  WUpiI  nurnt)«r  of  buckets  ehauld  be  put  in  ar>  overshot  wheel  of  40  feel 
d»fn«ter,  amt  1  ibot  in  width,  giving  t,''=£4°  or  B^  =O.Od^Ut,  S^24J>  sqiiare  incHiM 
s^  0,nOl4  Bqunre  fc^et,  m:ia  I  be  tbieknera  of  the  biicketi  t^  i  iocb^  0^0833  f«eU 
AoctNrdiag  to  our  ibrmula  : 

■  i  .0.0(i9Sl  .  19,5  + 0,08a3  — 0,17014        0,5939 
which,  fbr  the  lake  of  fecility  of  tliviijorH  we  mny  take  152. 

BtmnrL  Th©  ooniiruetjon  of  btioket  thown  in  Fig.  204,  haft  ^another  adTanrajiie,  rb.i 
that  for  it  a  less  width  of  wheel  ts  necKsmry,  ns  \i  is  iiiipo««it»ie  to  innke  the  wheel  »pftc« 
^  fo*ir  timei  the  enpadfy  of  the  w«ter  spnce  (fee  Vot  11.  §  02).  If  we  hpre  intr«lw» 
Ss i  a,  g cfi  +  i  if  tang.  %,  and  u  S^  J  d*  iung.  %  +  Fj^—  A  uud  D^ia^B,d,  we 


obtain  :  inag.  %,  =s 


8,+i 


and  hence ^ 
60  Q 


7> 


orSrs 


If  we  neglect  the  thkkne«9  of  the  backets^  then  f  ^  } 


•■+i 


60  Q 


Mii^d€ 
m  a  much  le»B  width 


60  q 

2  «  i«  If, V 

of  wheel  than  woj  aA^umetl  at  ^  92.  We  »ee  frofn  tlij!i  lh«i  we  rhoultl  approjiimaie  na 
nsATlj  aa  poieibie  to  the  limit*  of  bucket  eonsiruf^tioii,  of  which  we  have  dow  been 
tre«ting. 
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Fig.  205. 


§  98.  Efftf^  of  Centrifuffol  Farce. — For  equal  velocity  of  the  cir- 

cnrnference,  small  wheels  make  a  greater  namber  of  revolations  than 

larse;  but  the  uniform  motion  of  the  machine,  or  the  nature  of  the 

work  to  be  done,  as  sawing,  hammering,  grinding,  &c.  &c.,  require 

a  certain  velocity  of  the  wheel.     Hence  small  wheels  frequently 

mi^e  a  great  number  of  revolutions  per  minute.    But  at  such  high 

velocities,  the  centrifugal  force  of  the  water  comes  into  play  to  such 

a  degree  that  the  inclination  of  the  surface  of  the  water  in  the 

buckets  to  the  horizon  is  considerable,  and, 

therefore,    the  discharge    commences    much 

earlier  than  would  be  the  case  if  the  wheel 

were  moving  slowly.     We  have  found  (Vol.  I. 

§  274)  that  the  surfaces  of  the  water  in  the 

buckets  are  a  series  of  cylindrical  hollows, 

the  common  axis  of  which  O,  Fig.  205,  runs 

parallel  to  the  axis  of  the  wh^el,  and  lies  at  a 

height:  CO- *_^-^.  (??)•- 2850 

w*  \hu/  ur 

above  the  axis  C  of  the  wheel.     This  distance 
increases,  therefore,  inversely  as  the  square 
cf  the  number  of  revolutions,  and   becomes 
small   for  a  great   number    of   revolutions. 
Hence  we  at  once  perceive  that  the  water-sur- 
face is  horizontal  only  at  the  summit  and  at 
the  bottom  of  the  wheel,  and  that  at  a  given 
point  JIf  above  the  centre  of  the  wheel  the  deviation  from  horizontal 
is  a  maximum. 
o  /  I    The  deviation  HJiWwh  AQC^  x/for  any  point  A.  at  a  distance 
f  /  ^a¥iiTiafitmeff«r<Jr '^^  is: 

AH         a  eo%.  x 

tang,  x  —  7^77  ■-  t-; ; • 

OH       k  +  a  sm.  x 

For  a  point  A^  above  M,  x  is  negative,  and  hence : 

tang,  z  ■-  — ^  ^^'  ^ —    If  we  lay  oflF  a  tangent  0-4  from  0,  we  have 
k  —  a  sin.  x 

in  the  point  of  contact  A^^  that  point  at  which  the  deviation  from 

horizontality  is  greatest,  or  where  x  i^  ^  maximum,  and  ^  x,  sin.  x 


being,  however,  m  -. 

K 

Exampk  1. 

mdiufl  a  being  ib  16  feet,  and  the  di^dmrging  angle  x 

16  «•.  5U°  10.28.'5     .       - 

'«»*■  X—  ,,.  ,    ,..  ^     ^>  —  ,.,,,..^^»  therefore,  x  - 


114-f  10  M«k  50       130/26G 
water  deviates  in  thi«  case  4)  degrees  from  the  liorisontal. 

Exmmpk  2.  For  a  wheel,  making  20  rex'oliitions,  k  ■ 


2850 
25 
■B  50^    Then : 

4^,  39^,  10  that  the  wrfroe  of  tlie 


40U 


»  7,195.      If,   therefore. 


a  M  5,  X  M  0^,  then  tang,  x  a*  — ^  i  bence  x  *  35^  y.    At  an  angle  of  44^  34'  abore 
the  centre  of  the  wheel,  the  deviation  it  at  much  at  44®,  34^ 
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1.  tang,  {x +  'z)  ss 

sin.  AOC 
Bin.  OAC ' 


But 


S+D-F, 
CA    . 


F 


•in.  [90«-(x  +  ;,)] 
and  hence  follows : 

* 

When  by  the  first  formula,  the  value 
of  X  +  jt)  and  by  the  second,  the  value 
of  X  the  depression,  have  been  found, 
we  obtain  by  subtraction  of  the  two 
angles  x  —  (x  +  ;r)  —  ar. 

At  the  end  j9,  of  the  angle  of  dis- 
charge, the  outer  end  of  the  bucket  co- 
incides with  the  water's  surface  A^  TT,, 
and,  therefore,  CA^ W^wm^^  +  x^X  this 
point «  the  known  angle  a  depending 
on  the  form  of  bucket.     Hence 


•Ml.  Xi  : 


a  eo%.  6 


and 


Xv 


that 


is,  the  ansle  by  which  the  end  of  the 
arc  of  discharge  deviates  from  the  centre 
of  the  wheel. 

If  the  height  H^H^  tm  h^wm  a  {sin.  x, 
—  sin.  x),  Fi§.  207,  of  the  arc  of  dis- 
charge, be  divided  into  4  or  6  equal 
parte,  and  the  filling  of  the  bucket  for 
corresponding  positions  be  determined,  we  can  again  find  the  ratio 


Fig.  206. 


§  99.  If,  now,  we  take  into  consideration  the  effect  of  centri- 
fugal force,  as  is  obviously  necessary  in 
the  case  of  wheels  revolving  rapidly,  the 
formula  we  above  found  for  the  arc  of 
discharge  must  be  replaced  by  others. 
Let  A^  (Fig.  206)  be  the  point  at  which 
discharge  commences,  MCA^  =  H^JS 
wm  X  the  angle  of  discharge,  hJ^^^ 
wm  A^OC^  X  the  depression  of  the  wa- 
ter's surface  below  the  horizon,  or  the 
angle  GA^  W^^x  +  ^y  and  the  a  A^G  W^ 
^\d  .  d  tang,  (x  +  ;t) ■■  J  d*  tang. 
(x  +  x)*  If  we  now  put  the  contents 
of  the  segment  ABD^  a  S^  that  of  the 
A  AGD  s  D^,  and  the  section  of  the 
body  of  water  «  F,  then  F^  +  J  d*  tang. 
C*'  +  *)  ™  'SH-  2),  are,  therefore : 


Y\z.  207. 


190  EFFECT  OF  CBNTRIFUOAL  FORCE. 

OF 

•  8  -J^  w  —  of  the  mean  contents  of  the  buckets  durine  the  dis- 

Q       F 
charge,  to  the  contents  before  discharge  commences,  and  so  cal- 
culate the  mechanical  effect  of  the  water  in  the  arc  of  discharge. 
For  this  the  abore  formula  must  be  used  inversely.    In  this  case  x  is 
given,  hence : 

tai^y. «  -  — ^^?!l^,  and  P- 5+ D  —  J  cP  ton^.  (x  +  ;r)- 
k  +  annx 

If  the  water  does  not  fill  the  entire  segment,  or  it  F  -c  Sy  or  ^  cP 

tang,  (x  +  z)  >  A  ^^^^  ^^  i^^st  put : 

-P—  segment  JiBD—  a  JIDK^ 

and  in  the  case  of  straight  buckets : 

^    *  «n.  (x  +  r) 

in  which  d  is  the  diagonal  AD  and  a^  is  the  angle  DAC  included 
between  this  and  the  radius  CA, 


A  small  wooden  water  wheel  (Fig.  207),  12  feet  high,  1  foot  depth  of 
nhroudinicand  4  feet  wide,  reoeives  IU80  cubic  feet  of  water,  when  making  17  revolutions 
per  minate;  required  the  mechanical  effect  produced  by  it.     Here,  a  ^  0,  d  ^  1,  ess  4, 

fl,  »5,5,  QmI^ »  isi  MM  17;  allowing  24  buckets, 

360^  ^  ^ j^e  c^nj  f  ^       ^^^      «.  1^  «  0,062  square  feet  If,  again,  D  »  0,652, 
24  *^       24  .  17  . 4       68 

and  5=0,373,  then  tang,  (x  +  x)  =  ^'^^^  "*"  ^^^^^  ""  ^'^'^''^  «  ^'»303   X  2  =  0,726, 

a 

therefore,  X  +  ^  *  ^.O^,  59^.    But  CO  » il  s  ?^  «  9,86  feet,  and  hence 

9in.x  «  ^  "*•  ^^***  ^^  ^  0,4924,  hence  ^  -=  29«,  SO*,  and  x  «  6*,  29^.    Thus  the  dis- 

charge  commences  in  this  case  at  only  ^iP  below  the  centre  of  the  wheel.  To  find  the 
point  at  which  the  discharge  is  complete,  we  have  in  the  present  case  (in  which  water 
hangs  in  the  bucket,  although  tlie  water's  surface  touches  the  outer  extremity  of  the 

bucket),  10  put  in  the  formula  stn.^!  =»  °  "**     ,  instead  of  a,  the  radius  of  the  diTision 

circle  a,  ^  5,5,  and  instead  of  t,  the  angle  formed  by  the  outer  element  of  the  bucket  and 

the  radius,  and  which  is  here  79^  14'.    Hence :  <ti».  y.  w   '  *        ,  therefore, 

9  86 
X  »  5®,  59^.  and  the  second  angle  of  discharge  x.  «  79»,  14'  -^  5^  59^  «  73^  15'. 
Hence,  the  height  of  the  arc  of  discharge.  K^^i  **"•  X|  — asin.\^  5,5  rm.  73^,  15' 
—  6,0  fltn.  6^,  29^  as  5,2666^  0,6775  s=4,58U  feet  Dividing  this  height  into  4  equal 
parts,  we  determine  by  delineation,  by  measurement,  and  calculation,  the  cofresponding 
three  intermediate  values  of  F,  The  results  arrived  at  are  F,^  0,501,  f*,  as  0,409, 
and  Fy  IB 0,195,  and,  therefore,  the  required  ratio  of  the  sections  : 

^^jF        0,662+  4  (0,501  +  0.195)  +  2  .  0,409       ^^^j 
"*/^"  '    12.0,002  »    1       • 

and  the  mechanical  effect  profluced  by  the  water  during  the  descent  of  the  arc  of  dis- 
cbarge: Z,Bs  .  A,  Q>aK 0.537  .  4,589  .  18  .  62,5s:  27,55  feet  lbs.  If  the  water  fell 
with  a  velocity  of  20  feet.  20  degrees  under  the  summit  of  the  wheel,  in  such  a  direc- 
tion that  it  deviated  25^  from  the  tangent  at  the  point  of  entrance,  then  the  remaining 
effect  of  the  water's  pressure: 

I^  k(5,5  aw.  20»  4-  6  wa.  6<>,  29)  1 8  .  62,5  k  5,854  .  1 120  «655S  feet  lbs. 

and  the  effect  of  impact,  the  velocity  in  the  division  circle  V|  being '. — ". —  ib  9,791 

feet  is  I,»0,031  (20  cot. 25'>  — 9,791)  9,791  .  18  .  62,5 s=  2,611  X  1120«2974  feet 
Jbs,  aiiil  lience  the  whole  meclinnical  effect  produced  is: 

Xb44-X,+  X,b  12305  r#etlbs. 
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§  100.  Friction  of  the  Qudgeont. — No  inconsiderable  portion  of 
the  mechanical  effect  of  overshot  wheels  is  lost  in  the  mechanical 
effect  absorbed  by  friction  an  the  gudgeons.  Let  the  weight  of  the 
water  wheel,  together  with  the  water  in  the  buckets,  «  G,  the  radius 
of  the  gadj^n  ■■  r,  then  the  friction  is  aa/G,  and  the  velocity  at 

the  periphery  of  the  axis  w  »  ^-^r-  9  *iid  hence  the  mechanical 

80 

effect  oonsamed  by  the  friction  of  the  gudgeons  t^fGv^  '-^f  ^ 

80 

a  0,1047  .uf  Gr.    For  well  turned  gudgeons  on  good  bearings 

/  wm  0,076,  when  oil  or  tallow  is  well  suppli^  or/v  0,054,  when  a 

constant  supply  of  best  oil  is  kept  up.    In  ordinary  circnmBtances 

of  the  application  of  a  black  lead  unguent,  /»  0,11.    The  weight  G 

of  the  wheel  must  be  determined  by  admeasurement  for  each  case. 

For  wheels  of  18  to  20  feet  in  height,  the  weight  has  been  found  to 

be  from  800  to  1000  times  the  number  of  effective  horse  power  in 

pounds.     The  wooden  wheels  of  Freiberg,  85  feet  in  height,  weigh, 

when  saturated  with  water,  nearly  44000  lbs.    Being  20  horse  power, 

this  makes  upwards  of  2000  lbs.  per  horse  poMT  for  the  weight  of 

the  wheel. 

The  effective  power  £  of  a  wheel  increases  as  the  weight  of  the 

wheel  increases,  as  the  proportion  of  the  bucket  filled  «  »  ,^ 

a  ev 

increases,  and  as  the  number  of  revolutions  u  increases,  so  that,  in- 
versely, Gwm^ — ,  in  which  » is  a  co-efficient  to  be  ascertained  from 

«  u 

experience.     According  to  Rettenbacher,  a   small  iron  wheel,  the 

buckets  of  which  are  filled  ^,  the  horse  power  being  6,3, » s  8432  lbs. 

For  the  Freiberg  wooden  wheels  of  20  horse  power,  »  »  2750 

lbs.,  so  that,  for  a  first  approximation,  we  may  use  the  formula: 

G  wm  3000  —  pounds. 
f« 
The  strength  of  the  gudgeons  depends  on  the  weieht  of  the  wheel 
G,  and  thus  the  weight  has  a  twofold  influence  on  the  friction  (Vol. 
II.  §  87).     We  have  given  the  formula : 

2  r  =.  0,048  y/G  inches  «  0,00045  ^G  feet,  for  the  strength^ 
gudgeons,  and,  therefore,  we  may  here  put  Gr  ^  0,00142  %/G^, 
and  hence  the  mechanical  effect  consumed  by  the  friction  at  the 

gudgeons  

-  0,1047  uf .  0,00142  •fl^  -  0,00015  uf  •G^ 

Exampk,  What  amount  of  mechanical  effect  is  contumed  by  the  friction  of  a  wheel 
of  2dU0U  Ibe.  weight,  with  gudgeons  of  G  inches  diameter,  the  wheel  making  6  revolu- 
tions per  minute.  Assuming  /b0,08,  then / G  as  0,08  X  25000  xsSOOO  lbs.,  and  the 
statical  moment  of  this^/Gr  ss^  .  2000  as  500  feet  lbs.,  and  the  mechanical  effect 
a  0,1047  .  6  ./GfB  314  feet  lbs. 

Remark,  The  gudgeon  friction  of  a  water  wheel  may  be  increased  or  diminished 
according  to  the  manner  in  which  the  mechanism  for  transmitting  its  i>o%%'er  is  applied 
to  it  If,  as  in  Fig.  20?,  the  power  P  and  the  resistance  Q  act  on  the  same  side  of  the 
wheel,  Chen  the  friction  on  the  gudgeons  is  diminished  by  an  amount  equal  to  the  resist- 
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nrrt^  Q,AO  ^mi  ihe  frktion  b  lew;  butiftlie  power  and  rensunoe  work  on  oppoijte  t  iiJea 
(b»  id  Fig,  309)|  UieD  the  pre«9Uf«  on  llie  giid|{«ona  li»  incTeowil  hf  sn  amoutit  rqual  I9 


Fig.  208. 


Fii?,  509. 


■ 


+  h,  +  .h^'^Qy-f^Gv, 


the  resistiince  Q,  and^  there  fore,  the  friction  ii  bs  tnoch  grenter  a»  in  ihe  other  awe  it  wma 
lesr  If  in  the  former  ca«e  the  levemge  CB  of  the  resittanci^  be  made  eqoal  to  the 
levetwge  of  the  power  CjI,so  that  the  tratiijtiiwtoTi  i»  effected  Ijy  a  tuotheiJ  «heej  oathe 
perlpbery  of  the  water  wheel»  a*  »Lown  in  Fik.  \1U  then  the  effect  of  ihe  power  on  the 
gncfgeon  it  counterbalanced  by  the  reaiitance  (noi  if  the  pinion  wheel  be  in  the  poftilMM) 
ibown  in  tlie  diagram,  hut  when  thii  ia  placed  hthw  tkt  €wirt  of  the  wheel). 

§  101.  Total  EffecL—The  total  effect  of  an  overahot  water  wheel 
may  be  put : 

or  when  the  water  enters  in  a  direction  nearly  tangential,  and  with 
a  velocity  equal  to  that  of  the  wheel : 

Hence  for  a  given  weight  of  wheel,  the  total  effect^  as  well  as  the 
mere  water  power  effect,  ia  a  maximum  when  v^O^  or  when  the 
wheel  revolves  with  the  least  possible  velocity*  This  condition  does 
not  hold  good  in  practice :  for  the  dimensions  and  weight  of  water 
wheels  depend  on  the  power  they  give,  and  on  their  velocity,  and 
are  so  much  the  greater^  the  greater  the  effect  or  power,  and  the 
less  the  velocity  of  the  wheeL 

§  102,  Useful  Effect  of  WTteeL — Smeaton,  Kordwall,  Morin,  and 
others,  have  experimented  on  the  efficiency  of  overshot  water  wheels; 
hut  there  is  still  room  for  further  experimental  inquiry,  especially 
as  to  the  efficiency  of  well-constructed  large  wheels;  because  the 
effect  of  these  is  not  accurately  known,  and,  as  the  author  has  had 
occasion  to  verify,  their  efficiency  is  generally  under  estimated. 

Smeaton  made  experiments  with  a  model  wheel  of  75  inches  cir- 
cumference having  36  buckets,  and  found  for  20  revolutions  per 
minute  a  maximum  of  useful  effect  of  0j74.  D'Aubuisson  mentions, 
in  his  work  on  liydraulicSj  that  for  a  wheel  of  11 J  metres  =  32  feet 
diameter,  with  a  velocity  of  8  J  feet  per  second,  the  efficiency  was 
found  to  be  0,76.     Weisbach  has  tested  the  atamp-mill  wheels  it 
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Freiberg,  generally  7  metres  or  22'  —  9"  high,  and  3  feet  wide, 
having  48  buckets,  and  making  12  revolutions  per  minute,  and 
found  an  efficiency  of  0,78,  The  pumping  and  winding  wheels  of 
35  feet  diameter,  making  5  revolutions  per  minute,  give  an  efficiency 
of  0,80j  and  often  higher.  It  is  also  quite  aseertained  that  well- 
constructed  wheels  of  greater  diameter  than  the  above,  give  0,83 
efficiencyj  the  losses  being  3  per  cent,  for  shock  at  entrance,  9  per 
eent,  by  too  early  discharge,  and  5  per  cent,  for  gudgeon  friction. 

Small  wheels  always  give  a  le$%  efficiency  than  larger,  not  only 
because  they  make  a  greater  number  of  revolutions^  but  because 
they  have  a  smaller  water  arc.  The  moat  complete  experimental 
inquiry  on  water  wheels  is  that  of  M.  Morin,  ""^  Exp4rien€e%  $ur  le% 
Iloue^  hydrauliquta  a  aubeM  pianeM,  et  *«r  les  Roues  hydrauHqueti 
tf  augeU,  Metz,  1836/**  Of  these  experiments  we  can  here  only 
allude  to  those  made  on  three  smalUsized  wheels.  The  first  of  these 
was  a  wooden  wheel  3^425  metres  =  10,6  feet  diameter,  with  SO 
buckets,  and  giving  for  a  velocity  of  the  circumference  of  5  feet  per 
second,  an  efficiency  of  0,65,  and  the  co-efficient  v  =s  0,775.  The 
second  wheel  was  only  2,28  metres  in  diameter  {7,47  feet) — of  wood, 
with  24  curved  plate  buckets.  With  a  velocity  of  5  feet  per  second, 
the  efficiency  of  this  wheel  was  ^  0,69,  and  the  co-efficient  of  velo- 
city or  of  fall  =  *  =  0,762.  The  third  was  a  wooden  wheel  for  a 
tilt-hammer,  4  metres  diameter  (13  feet),  with  20  buckets,  and  1 
metre  of  impact  fall  to  the  summit  of  the  wheeL  The  velocity  being 
5  feet  per  second,  the  efficiency  was  0,55  to  0,60,  and  the  velocity 
being  11|  feet  per  second,  its  efficiency  was  not  more  than  0,40, 
which  was  further  reduced  to  0,25,  when  the  velocity  rose  to  4  metres 
or  13  feet  per  second,  for  then  the  centrifugal  force  was  such  that 
the  water  could  not  properly  enter  the  buckets. 

Morin  deduces  from  his  experiments  that  for  wheels  of  less  than 
iB'  —  6"  diameter,  having  a  maximum  velocity  of  6  feet  per  second 
at  the  periphery,  and  for  wheels  of  more  than  &  —  6"  diameter, 
having  a  maximum  velocity  of  8  feet  per  second,  the  co-efficient  » 
of  the  prei8nre  fall  averages  0,78,  and,  therefore,  the  useful  effect 
of  these  overshot  wheels,  exclusive  of  friction  on  the  gudgeons,  is  * 


9 


0,78  a)  Q,, 


A  being  the  height  of  the  point  of  entrance  above  the  foot  of  the 
wheel,  or  0,78  h  represents  the  mean  height  of  the  arc  holding  water. 
This  co-efficient  r  =  0,78  is,  however,  only  to  be  used  when  the  co- 
efficient *  representing  the  extent  of  filling  of  thftbueketa  is  under  | ; 
it  must  be  made  1,65  when  i  amounts  to  nearly  |.  In  the  case  of 
wheels  of  great  diameter  •  is  certainly  higher.  For  the  Freiberg 
wheels,  for  example,  it  is  0,9.  Morin  further  deduces,  that  when 
wheels  have  a  greater  velocity  of  revolution  than  6'  —  6"  per  second, 
or  if  the  buckets  be  more  than  |  filled,  a  definite  co-efficient  ¥  for 


[•  The  author  wb*  apparenily  unacquninied  With  th«  «3ip«iil]ienti  maclo  by  i  oom- 
mitiee  of  tlie  Franklin  Inftimio,— Am.  E».] 
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the  water-arc  cannot  be  given,  because,  then,  small  variations  or 
deviations  in  v  and  «  have  considerable  influence  on  the  amount  of 
the  useful  effect.  It  must,  however,  be  remarked,  that  it  is  not  the 
velocity,  but  the  number  of  revolutions  u  (Vol.  II.  §  98),  which  de- 
termines this  limit:  for  high  wheels  with  6'  —  6"  velocity  at  circum- 
ference, give  a  great  and  tolerably  well-ascertained  useful  effect. 

[^American  JExperiments. — The  most  important  of  the  deductions 
from  the  experiments  on  water  wheels,  made  in  1829-80,  by  the 
Committee  of  the  Franklin  Institute,  using  a  wheel  20  feet  in  diame- 
ter, and  with  a  head  and  fall  varying  from  20f  to  23  feet,  may  be 
stated  as  follows: — 

1.  ^^In  running  a  large  overshot  wheel  to  the  best  advantage^  84 
per  cent,  of  the  power  may  he  calculated  upon  for  the  effect.'' 

2.  "  The  velocity  of  the  overshot  wheel  bears  a  constant  ratio  for 
maximum  effects  to  that  of  the  water  entering  the  buckets^  this  ratio 
being  at  a  mean  about  ,55  or  A^A«."* 

8.  "  Without  diminishing  the  ratio  of  effect  to  power  more  than 
2  per  centj  we  may  so  arrange  a  high  overshot  wheel  as  to  increase 
the  velocity  of  its  periphery  from  4 J  to  6^th,  and  probably  even  to 
7J  feet  per  second.*' f 

As  the  quantity  of  work  done  by  a  given  wheel,  when  the  ratio  of 
effect  to  power  is  the  same,  must  evidently  depend  on  the  velocity 
of  the  wheel,  it  must  be  advantageous  to  run  the  wheel  with  the 
highest  velocity  within  which  that  ratio  can  be  kept  constant,  or  nearly 
so,  that  is,  from  6  to  7  feet  per  second. 

The  ratio  of  effect  to  power  with  "centre  buckets"  was  found  to 
be  .78  of  that  with  "elbow  buckets,"  owing  to  the  water  sooner 
leaving  the  former  than  the  latter. 

When  air-vents  are  used  they  involve  a  loss  of  effect  with  centre 
buckets,  but  scarcely  vary  the  action  of  elbow  buckets.^ 

4.  With  a  wheel  IS  feet  in  diameter  "84  per  eenL  of  the  power 
expended  mai/^  as  before^  be  relied  on  for  the  effect/^  but  when  the 
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total  head  and  fall  increaseB,  may  be  traced  in  the  action  of  differ- 
ent wheels. 

Thus  the  wheel  having  a  diameter  of 
15  feet,  and  mean  proportion  of  head  to  head  and  fall  »  ,068 

gave  ratio  of  effect  to  power  i*  ,841 
20  f(Mt^  and  mean  proportion  of  head  to  head  and  fall  ■■  ,067 
-  gave  ratio  of  efiect  to  power  ts  ,888 
6  feet,  and  mean  proportion  of  head  to  head  and  fall  ■■  ,072 

gave  ratio  of  effect  to  power  i^  ,801 
10  feet,  and  mean  proportion  of  head  to  head  and  fiftU  ■■  ,079 

gave  ratio  of  effect  to  power  »  ,795. 
A  still  fuxAer  increase  of  proportion  until  the  head  was  46  per 
cent  of  the  head  and  faU  gave,  in  the  case  of  the  6  feet  wheel,  a 
ratio  of  effect  to  power  only  ,604.  Indeed,  it  is  easy  to  understand 
that  idl  that  head  of  water  above  the  bottom  of  the  bucket  which 
exceeds  what  is  necessary  to  give  the  water  the  same  velocity  as 
that  of  the  wheel,  can  act  only  by  creating  impact,  and,  therefore, 
must  be  considered  so  much  of  a  "head  destined  to  produce,  not  pres- 
sure, but  percussion,  and  the  co-efficient  of  effect  of  any  water  de- 
livered under  such  increased  head,  must  be  undershot  co-efficient, 
which  experiment  proved  to  be  ,285.] 

§  108.  Sigh-Breast  Wheel. — The  overshot  wheel  frequently  re- 
ceives the  water  lower  than  the  point  we  have  above  indicated,  at  a 
point  somewhat  nearer  the  centre  of  the  wheel.  These  are  called 
by  the  French  roues  par  derriire,  by  the  Oermans  rOel^neeUdgige 
K&dar.  The  lead  or  water-course,  or  the  pentrough,  passes  above 
the  wheel  in  the  case  we  have  discussed.  For  high-breast  wheek 
the  pentrough  is  below  the  summit  of  the  wheel,  or  the  diameter  of 
the  wheel  is  greater  than  the  total  water-fall.  In  the  overshot 
wheel,  the  wheel  revolves  in  the  direction  in  which  the  water  is  led 
on  to  it  In  the  high-breast  wheel,  it  revolves  in  the  opposite  direc- 
tion. High-breast  wheels  are  erected  more  especially  when  the 
level  of  the  water  in  the  tail-race  and  pentrough  are  mueh  subject 
to  variation;  because  the  wheel  revolves  in  the  direction  in  which  n 
the  water  flows  from  the  wheel,  and,  therefore,  hachwaUr  is  less  |  < 
disadvantageous,  and  because  penstocks  or  sluices  can  be  appUed 
that  admit  of  an  adjuetabh  point  of  entrance  of  the  water  on  the 
wheel,  or  of  maintaining  a  given  height  between  the  water  in  the 
pentrough  and  in  the  tail-race ;  and  even  for  different  conditions  of 
the  water-course,  the  same  velocity  of  discharge  and  of  entrance  of 
the  water  can  be  maintained.  Penstocks,  or  sluices  for  these  wheels 
are  represented  in  Figs.  210  and  211,  in  which  the  shuttle  AB  is 
made  to  slide  or  fold  as  an  apron,  to  open  more  or  fewer  apertures 
as  required.  In  Fig.  210  AB  is  made  concentric  with  the  circum- 
ference of  the  wheel,  in  order  that  the  aperture  A  may  direct  the 
water  into  the  wheel  for  all  positions  of  the  apron.  The  motion  of 
the  sluice  or  apron  is  effected  by  the  pinion  and  rack  AD  and  C 
In  Fig.  211,  the  water  flows  over  the  top  A  of  the  sluice-board, 
which  is  adjusted  in  a  manner  similar  to  that  above  described.     In 
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order,  howeFer,  that  the  water  may  come  on  to  the  wheel  in  a  pro- 
per direction,  a  set  of  stationary  ^teuZe-buckets  EFj  is  laid  between, 
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Fig.  211. 
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the  ¥rheel  and  the  sluice-board,  and  this  latter  slides  over  them. 
The  guide-buckets  must  have  a  certain  position,  that  the  water  may 

not- strike  on  the  outer  end  of  the 
Fig.  212.  wheel-buckets.      I{  Jie^,  Fig.  212, 

be  the  direction  of  the  onter  element 
of  the  wheel-bucket,  and  if  ./Jv,  re- 
present in  magnitude  and  direction 
the  velocity  of  this  element  .4,  then, 
exactly  as  in  Vol.  11.  §  92,  the  re- 
quired direction  ^e  of  the  water 
entering  the  wheel  is  obtained  by 
drawing  vc  parallel  to  ./?<?,,  and 
making  ^e  equal  to  <?,  the  velocity 
of  the  water  entering,  as  deduced 
from  the  heisht  of  the  water's  sur* 
face  above  Jf.  If  h  be  the  depth 
of  Ji  below  the  surface  of  the  pen- 
trough,  then  e  —  0,82  s/2gh  at 
least,  as  in  the  discharge  through 
short  additional  tubes  (Vol.  I.  §  323),  and  when  the  guide-buckets 
are  rounded  off  on  the  upper  side,  then  c^m  0,90  s/2gh.  If  the 
guide-curves  be  made  straight,  then  they  arc  to  be  laid  in  the  direc- 
tion CAD^  but  if  curved  buckets  AE  are  adopted,  which  has  the 
advantage  of  gradually  changing  the  direction  of  the  water's  flow, 
then  they  are  made  tangents  to  .4D  at  ./9,  by  raising  AO  perpen- 
dicular to  AD  J  and  describing  an  arc  AE  from  0  as  a  centre. 

As  for  different  depths,  the  pressure  (A)  is  different,  and  the  velo- 
city due  {c)  is  also  different,  the  construction  must  be  gone  throiurh 
separately  for  each  guide-bucket.  The  velocity  of  entrance  is  usually 
9  to  10  feet,  and  the  velocity  of  the  wheel  is  |  <?  to  }  c  at  the  most. 
The  construction  is  to  be  gone  through  for  the  mean  level  of  the 
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water  in  the  troughy  tbat  the  deviatioa  in  casea  of  high  and  low 
water  may  not  be  excessive- 

From  this  kind  of  sluice  the  air  escapes  leas  readily  than  in 
others,  and,  therefore,  the  sluice  is  made  narrower  than  the  wheels 
or  the  wheel-buckets  are  specially  ventilated^  that  is,  the  floor  of  the 
wheel  is  perforated  with  air-holes*  It  is  not  advisable  to  make  the 
buckets  too  close,  but  rather  to  keep  the  water  in  the  wheel  by  an 
aproHf  than  by  making  the  angle  of  discharge  too  great,  for  in  this 
latter  case  the  guide-buckets  extend  over  too  large  an  arc  of  the 
wheel,  or  become  long  and  contracted,  and  so  occasion  losa  of  fall- 
As  to  the  efficiency  of  high-breast  wheels,  it  is  at  least  equal  to 
that  of  the  ordinary  overshot.  From  the  advantageous  manner  in 
which  the  water  is  laid  on  to  them,  it  is  not  unfrequently  greater 
than  in  overshot  wheels  having  the  same  general  proportions.  For 
a  wheel  30  feet  high,  having  96  buckets,  the  entrance  of  the  water 
being  at  a  point  50°  from  the  summit,  the  velocity  at  circumference 
being  5  feet  per  second,  and  tbat  of  the  water's  entrance  8  feet, 
Morin  found  the  efficiency  ^  ^  0,69,  and  the  height  of  the  arc 
holding  waters  0,78  .  A.* 

I  104-  Bremt  Wheels, — These  wheels  are  either  ordinary  bucket 
wheels,  or  they  are  wheels  with  paddles  or  floats  confined  by  a  stone 
curb  or  wooden  mantle  (Vol  11/ 1  83),  As  by  a  too  early  discharge 
of  the  water  from  the  buckets,  the  greatest  loss  of  fall  or  of  mechani- 
cal effect  takes  place  in  the  lower  half 
of  the  wheel,  it  is  evident,  that  cmterea 
paribuB^  breast  wheels  must  have  a 
smaller  efficiency  than  overshot  or  high 
breast  wheelsp  Upon  these  grounds  the 
foil  must  be  carefully  preserved  for 
breast  wheels,  or  the  water  kept  on  the 
wheel  to  the  lowest  possible  point. 
Hence  the  angle  of  discharge  for  their 
buckets  is  maide  great,  or  the  water  is 
even  introduced  from  the  inside  of  the 
wheel,  as  shown  in  Fig,  213,  or,  as  is 
the  better  plan,  the  wheel  is  enveloped 
by  a  mantle  or  curb,  and  the  buckets 
or  paddles  are  set  more  or  less  radially. 
The  curb  must  not  be  at  more  than  from  |  an  inch  to  an  inch  from 

•  fWith  a  high  breast  wheel  20  fret  in  cUometer,  water  let  on  17  feet  above  the  bottom 
of  Ihe  wlieel,  under  a  head  of  9  inchea,  the  Commiue©  of  the  FmnkUn  Iiiitjtme  found 
thai  elbow  bucliets  gave  a  mtio  of  effect  io  power  of  ^73 1  nt  a  maiimumt  and  centre 
bticketj^  ,853,  Admitting  the  water  oci  at  a  height  of  13  feet  8  inchee,  the  elbow  btjcketi 
gave  ,658  and  the  centre  buckets  ,62 8L  At  10,&0  feet  above  the  bottom  of  tlie  wbeel,  the 
water  produced  on  elbow  buckets  with  a  head  of  4,29  feet,  a  ratio  o(  ^tiH.  nud  centre 
backets  ,329,  with  the  gate  7  feet  above  the  botrotn  of  the  wheel,  and  a  head  of  2  feet 
or  water,  ihit "  low*breagt'^  wheel  gnve  a  ratio  of  ^52  for  elbow  buckets  and  ,531  for  centre 
bucket!.  At  a  height  of  3  feetS  inches  above  the  bottom  of  the  wheel, and  one  foot  head 
above  the  bottom  of  tta«  g«t«,  elbow  buckets  gave  ,555,  centre  buekets  |533. — Am.  £oJ 

17* 


Fig.  313. 
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the  wheel,  that  as  little  water  as  possible  maiy  escape  tlirough  the 
intermediate  space.  As  the  buckets  or  floats  of  wheels  inclosed  hj 
a  curb  are  not  intended  for  holding  water,  they  may  be  placed 
radially,  but,  in  order  that  they  may  not  thrate  up  water  from  the 
tail-race,  it  is  advisable  to  give  the  outer  element  of  the  float  or 
bucket  such  a  position  that  it  may  leave  the  water  vertically.  As 
to  the  number  of  floats,  it  is  advantageous  to  have  them  numerous, 
not  only  because  by  this  means  the  loss  of  water  by  the  play  left 
between  the  wheel  and  the  mantle  or  curb  is  smaller,  but,  also, 
because,  by  putting  them  close  together,  the  impact-{Bll  is  rendered 
less,  and  the  presaure-Ml  increased.  The  distance  between  two 
floats  is  generally  made  qqual  to  the  depth  of  the  shrouding  d,  or  it 
is  taken  at  from  10  to  15  mches,  or  one  of  the  rules  above  ffiven 
(Vol.  II.  §  88)  may  be  applied  for  fixing  the  number  of  buckets. 
It  is,  however,  essential  that  breast  wheels  be  well  ventilated,  so 
that  the  air  can  escape  outwards,  because  in  them  the  stream  of 
water  laid  on  is  nearly  as  deep  as  the  whole  distance  between  two 
buckets.  Air-holes  or  slits  must,  therefore,  be  left  in  the  floor  to 
prevent  the  air  from  interfering  with  the  water's  entrance.  This  is 
so  much  the  more  necessary  in  these  wheels,  as  they  are  usually 
arranged  to  be  filled  to  |  at  least,  even  }  of  their  capacity. 
Breast  wheels  are  generally  adopted  for  falls  varying  from  5  to  15 
feet,  and  for  supplies  of  from  5  to  80  cubic  feet  per  second. 

Remark.  Theoretical  and  experimental  researches  on  the  subject  of  breast  and  under- 
shot wheels,  with  the  water  laid  on  from  the  inside,  have  been  made  in  Sweden,  and 
are  given  in  detail  in  a  work  entitled  **- Hydra%d\tka  FUndky  etc.,  of  Lagerhjelm,  of  For- 
ftelles  ouh  Kallstenius,  Andra  Delen,  Stockholm.  1822."  £gcn  describes  a  wheel  of  this 
kind  in  his  **  CAtfcrsiicAwigm  tt6er  c/ea  Efftct  tvnger  Watmwnkt,  &c ,  Berlin,  ISSl.*"  The 
effioien<*jr  of  the  wheel  was  not  more  tlian  59  per  cent,  although  the  fall  was  13,42  feet 
A  wheel  on  the  same  model  was  erected  in  France,  but  only  6' — 6''  in  diameter.  M. 
Mallet  ex^rimented  on  this  wheel  (see  "  BuUelin  de  la  SociAd  d'Efwowragtment^  No. 
282)."  and  found  its  efficiency  60  per  cent  It  would  appear,  therefore,  as  Elgen  justly 
observes,  that  these  wheels  are  seldom  to  be  adopted.  They  can  have  only  a  limited 
widtii,  and  cannot  be  so  substantial  as  those  receiving  the  water  on  the  outside. 
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generally  made  ■«  2,  and,  therefore,  h^  =  4,4  — .     From  A,  and  h^ 

we  dcdace  the  height  AM  of  the  lip  of  the  guide-curve,  k^h^  —  Ap 
and  if  the  total  fSl  ED  ^  A,  there  remains  for  the  head  available 
as  weight  on  the  wheel  MB  =  SF^h^wm  h  —  A,.  Again,  we  have 
from  the  theory  of  projectiles,  the  angle  of  inclination  TBM  of  the 
guide-curve's  end  to  the  horizon  determined  by  the  formula 

A  =  :^i^,  therefore,  «n. a-    |A-    l*«~*S 

and  the  length  or  projection  MB  of  the  guide-curve  is : 

MB^I^^J!^!^  =  A,«n.  2a. 

Lastly,  if  the  very  desirable  condition  of  bringing  the  water  tan- 
gentially  on  to  the  wheel  is  to  be  fulfilled,  the  radius  of  the  wheel 
CB—  of  IBM  a  is  4^termined  by  the  equation : 

a  (1  —  €0%.  a  =  A  —  A„  therefore,  a  ^  —     ^  - 


1  —  COS.  a 

Inversely,  the  central  angle  BCF^a^  of  the  water  arc  is  determined 
by  co%.  Oj  8=s  1 ',  and  when  the  latter  condition  is  not  ful- 
filled, or  ai  is  not  made  =  a,  then  the  deviation  of  the  direction  of 
the  water  entering  the  wheel  from  the  direction  of  the  motion  of  the 
bucket  on  which  it  impinges :  a  =  a^  —  a. 

£zfffnp/e.  Suppose  for  a  breast  wheel  the  quantity  of  water  laid  on  bj  an  overfall 
sluice,  Qas  6  cubic  feet,  the  total  fall  A  &=  8  feet,  and  the  velocity  of  the  jieriphery  =  5 
feet,  also  the  ratio  of  the  buckets  filling  =  |,  then  for  a  depth  of  wheels  1  foot,  the 

requisite  width  on  the  breast  e^  | .  _  ^  — ! ^  3  feet.    And  if  the  breadth  of  the 

aperture  be  made  2}  feet,  and  fA  ^  0,6,  then  the  height  at  which  the  water  stands 

A,  =a  0,3093  ( Y  ■=  0,7G  feet.     If  we  take  ■»!»  then  the  fall  necessary  to 

\o,6 .  y  / 

emie  tbe  vglociiy  c  wiiU  wliieb  tbo  "flratgr  enters  tlig  U'lieel 
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contraction.     Por  the  same  reason  the  end  AM  of  the  bottom  of  tha 

Fig.  217. 


\ 


^^^^'^ 


pentrough  or  lead,  ia  formed   with   a  parabolic  lip 
BE^DF^  \,  Fig.  218,  of  the  end  of 
the  curve  depends  on  the  total  fall  A,  and 
on  the  velocity  height 

and  IB  determined  by  the  formula 
Aj*=  A  —  Aj:  hence^  as 
VD        a  —  h 


The  height 


Fig.  2 IS. 


COS.  a  = 


-J—  K -*  5  the  corresponding 


CB 
eentral  angle  BCF 


A  — A, 


If,  therefore,  the  water  is 


to  be  taken  on  tangentially,  the  inclination  TSM  of  the  layer  of 
water  to  the  horizon  is  to  he  put  =  a,  and,  hence,  we  determine  the 
ro-ordinates  MA  =  k  and  BM=  I  of  the  apex  of  the  parabola  A  by 

the  formulas  k  s  —       — ,  and  t  ^ * 

%  % 

But  it  ie  not  necessary  to  set  the  aperture  exactly  in  the  apex  of 
the  parabola,  it  may  be  placed  in  any  other  point  of  the  parabolic 
arc,  prmnded  that  ike  axis  of  the  aperture  is  tangential  to  the  para- 
hola  (Vol  IL  %  m). 

A  third  method  of  laying  on  the  water,  congists  in  a  penstock 
with  guide-cur vea,  or  buckets,  Fig.  219-  This  arrangement  is  par- 
ticularly applicable  when  the  water  in  the  pentrough  is  subject  to 
great  variation  of  level  The  apparatus  shown  in  Fig.  219  consists 
of  two  sluice-boards  *^  and  By  each  of  which  can  he  separately  ad- 
justed, and  thus,  not  only  the  head^  but  also  the  orifice  of  discharge, 
is  regulated.     It  is  not  possible  to  lay  the  water  on  ^to  the  wheel 
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on  to  the  wheel  may  have  very  injurious  consequences.  It  is, 
therefore,  necessary  to  have  a  screen  in  front  of  the  sluices  to  keep 
back  all  stray  matters. 

Stone  curbs  are  constructed  of  properly  selected  and  carefully 
dressed  stonCj  or  of  brick,  either  being  laid  in  good  hydraulic  mortar 
or  cement.     Wooden  curbs  AE^  Fig*  220,  are  composed  of  beama 


Fig.  220- 
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1 

A,  D,  E^  of  larch  or  oak,  carefully  planked  with  deals  curved  ae 
required.  The  bed  of  the  curb  is  inclosed  by  side  walla,  so  that 
lateral  escape  of  water  is  prevented.  If  the  water  can  flow  off  by 
the  tail-race  with  the  velocity  with  which  it  ia  delivered  from  the 


Fig.  221, 
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wheel,  then  the  curb  may  be  finished  flush  with  the  bottom  of  the 
race,  as  at  £,  Fig.  221 ;  but  if  the  water  flows  with  a  less  velocity, 
then  the  race  should  be  cut  out  deeper,  as  at  ^E,  Fig.  220,  so  as 
to  avoid  all  risk  of  back  water. 

The  construction  of  these  wheels  differs  essentially  from  that  of 
overshot  wheels,  in  respect  of  the  buckets  of  the  latter  forming  cells, 
whilst  in  the  former  these  are  piere  paddles  or  floats;  and  this  gives 
rise  to  a  different  mode  of  connecting  the  buckets  with  the  rim  of 
the  wheel.  The  Germans  distinguish  &aberdder  and  Strauberdder. 
The  former  have  MhraudingM  like  the  overshot  wheels,  to  support 
the  floats;  in  the  latter,  the  floats  or  buckets  are  chiefly  supported 
by  short  arms  or  cantilevers,  which  project  radially  from  the  circum- 
ference of  the  wheel.  Fig.  219  is  a  wheel  with  shrouding.  Figs. 
220  and  221  are  StrauherOder.  Fig.  221  is  a  wooden  wheel,  and 
Fig.  220  an  iron  wheel.  Very  narrow  float  wheels  have  only  a 
single  narrow  ring  by  which  the  floats  are  attached  on  to  cantilevers. 
In  wooden  wheels  the  supports  for  the  floats  are  passed  between  the 
two  sides  of  a  compound  ring  forming  the  shrouding.  In  iron  wheels, 
on  the  other  hand,  they  are  either  cast  in  one  piece  with  the  seg- 
ments of  the  wheel,  or  they  are  bolted  on  to  these.  The  buckets 
or  paddles  are  usually  of  wood,  and  are  nailed  or  screwed  to  the 
above-described  supports.  The  floor  of  the  wheel  is  placed  on  the 
outside  of  the  rings  or  shrouding,  and  does  not  close  the  wheel  com- 
pletely, slits  being  left  for  the  escape  of  the  air,  as  is  represented 
in  Fig.  215,  in  which  DE  is  the  wheel-paddle,  composed  of  two 
pieces,  EF  a  piece  of  the  bottom  of  the  wheel,  and  G  the  air-slit  or 
ventilator. 

§  108.  The  Mechanical  Effect  of  Curb  Wheeh.—The  mechanical 
effect  produced  by  wheels  hung  in  a  curb  or  mantle  consists,  as  in 
overshot  wheels,  of  the  mechanical  effect  produced  by  the  impact, 
and  that  by  the  pressure  or  weight  of  water.  The  formula  repre- 
senting the  efiiciency  of  each  is  the  same,  save  that  the  determination 
of  the  loss  of  water  requires  a  different  calculation,  inasmuch  as  in 
the  one  case  the  water  is  lost  by  a  gradual  emptying  of  the  buckets 
in  the  arc  of  discharge,  and,  in  the  case  now  in  question,  the  water 
escapes  through  the  space  necessarily  left  between  the  wheel  and 
the  curb.  We  have,  therefore,  to  determine  how,  and  in  what 
quantity,  the  water  escapes  through  this  space,  and  hence  deduce 
the  loss  of  effect  to  the  wheel.  If  we  put,  as  for  overshot  wheels, 
the  velocity  with  which  the  watei:  goes  on  to  the  wheel  at  the  divi- 
sion line  =  Cj,  the  velocity  of  the  wheel  in  this  line  or  circle  =  \\^ 
and  the  angle  c^  E  r^  Fig.  222,  between  the  directions  of  these  velo- 
cities a  /i,  then  the  effect  of  impact : 

^  (g,  cQg-M  — r,)y,  ^  Q  ^ 

9 
If,  further,  GIf,  the  difference  of  level  between  the  point  of  entrance 
£,  and  the  surface  of  the  water  in  the  tail-race,  GH  «  A,,  we  have 
(neglecting  loss  of  water  through  free  space)  the  effect  of  the  weight 
of  the  waters  h^  Qy,  and  hence  the  total  effect  is,  as  before : 
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wheel,  then  the  curb  may  be  finished  flush  with  the  bottom  of  the 
race,  as  at  £,  Fig.  221 ;  but  if  the  water  flows  with  a  less  Telocity, 
then  the  race  should  be  cut  out  deeper,  as  at  j9£.  Fig.  220,  so  as 
to  avoid  all  risk  of  back  water. 

The  construction  of  these  wheels  differs  essentially  from  that  of 
overshot  wheels,  in  respect  of  the  buckets  of  the  latter  forming  cells, 
whilst  in  the  former  these  are  mere  paddles  or  floats;  and  this  gives 
rise  to  a  different  mode  of  connecting  the  buckets  with  the  rim  of 
the  wheel.  The  Germans  distinguish  StaberMer  and  Strauberdder. 
The  former  have  ihraudingB  like  the  overshot  wheels,  to  support 
the  floats;  in  the  latter,  the  floats  or  buckets  are  chiefly  supported 
by  short  arms  or  cantilevers,  which  project  radially  from  the  circum- 
ference of  the  wheel.  Fig.  219  is  a  wheel  with  shrouding.  Figs. 
220  and  221  are  Strauherdder.  Fig.  221  is  a  wooden  wheel,  and 
Fig.  220  an  iron  wheel.  Very  narrow  float  wheels  have  only  a 
single  narrow  ring  by  which  the  floats  are  attached  on  to  cantilevers. 
In  wooden  wheels  the  supports  for  the  floats  are  passed  between  the 
two  sides  of  a  compound  ring  forming  the  shrouding.  In  iron  wheels, 
on  the  other  hand,  they  are  either  cast  in  one  piece  with  the  seg- 
ments of  the  wheel,  or  they  are  bolted  on  to  these.  The  buckets 
or  paddles  are  usually  of  wood,  and  are  nailed  or  screwed  to  the 
above-described  supports.  The  floor  of  the  wheel  is  placed  on  the 
oiUside  of  the  rings  or  shrouding,  and  does  not  close  the  wheel  com- 
pletely, slits  being  left  for  the  escape  of  the  air,  as  is  represented 
in  Fig.  215,  in  which  DE  is  the  wheel-paddle,  composed  of  two 
pieces,  EF  a  piece  of  the  bottom  of  the  wheel,  and  G  the  air-slit  or 
ventilator. 

§  108.  The  Mechanical  Effect  of  Curb  Wheeh.—The  mechanical 
effect  produced  by  wheels  hung  in  a  curb  or  mantle  consists,  as  in 
overshot  wheels,  of  the  mechanical  effect  produced  by  the  impact, 
and  that  by  the  pressure  or  weight  of  water.  The  formula  repre- 
scnting  the  efficiencY  of  each  ia  the  same,  save  that  the  determination 
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S^O^j  &c.,  of  the  curb  covered  with  water^  equal  to  i^  ?^,  &c.,  then 
the  water  escapmg  by  the  sides,  as  it  were  through  a  seriea  of  notches 
or  email  weirs : 

=  2  •  f  ttZj  V'S^,  2  . 1 1  If/,  %/%i,  &c., 

and,  therefore,  the  corresponding  loss  of  mechanical  effect ; 

§  109,  LoB&es. — There  is  a  still  further  loss  of  effect,  when  the 
surface  of  the  water  in  the  lowest  cell  does 
not  correspond  with  the  surface  of  the  tail- 
race,  as  represented  in  Fig.  223.  For  in 
this  case  the  water  flows  from  the  cell  BB 
P^B^^  as  soon  as  the  float  BD  passes  the 
end  of  the  curb  J",  and  acquires  a  velocity 
due  to  the  height  FM^:^  h^^  m  addition  to 
the  velocity  v  of  the  wheel.  This  height 
Aj  is  variable,  but  its  mean  value  is  evi- 
dently J  A3,  and,  therefore,  the  head  to 
which  the  velocity  of  the  water  flowing  from  the  wheel  is  due  is 


Fig.  as3. 


SdK^ 


We  have  already  deducted  the  loss  due  to 
ve  have,  therefore,  only 


the  height  —  in  estimating  for  impact^ 

f  A,  Q  7  to  deduct  from  the  e6fect  found.  From  this  we  see,  that  a 
sudden  fall  from  the  end  of  the  circle  should  be  adopted  only  in  ca&es 
where  back-water  is  to  be  feared. 

There  are  still  other  sources  of  loss  of  effect  in  breast  wheels, 
such  as  the  friction  of  the  water  on  the  curb,  and  the  resistance  of 
the  air  to  the  motion  of  the  floats ;  but  these  are  comparatively  of 
slight  importance. 

§  110*  Formula  for  Total  Effeat. — We  shall  now  give  the  formula 
for  the  total  effect  of  breast  wheels,  leaving  out  of  consideration 
the  loss  of  effect  by  escape  of  water  at  the  sides,  as  also  the  loss 
from  friction  of  the  water  and  resistance  of  the  air ;  hut  allowing 
for  the  escape  through  the  free  space  between  the  wheel  and  curb, 
and  for  the  friction  of  the  gudgeons.  The  formula  will  then  stand 
thus : 

8  ,  « 

in  which  w  is  substituted  for  the  mean  velocity  of  discharge: 

and  r  for  the  radius  of  the  gudgeons.    Hence: 

or,  introducing  ■  the  co-efficient  of  the  bucket^s  filHng,  generally 
«  is  and  4  —  — ^»  ^^  ^^^^ 
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If  we  pat  the  total  fall,  measured  from  the  surface  of  the  water  in 
the  pentrough  to  the  surface  of  the  tail-race  ^  A,  then,  instead  of  A,, 

we  may  introduce  A  — 1,1  .  ^  and  then: 

In  order  to  find  the  value  of  the  velocity  of  entrance  c^j  for  which 
the  effect  is  a  maximum,  we  have  only  to  consider  when  the  expres- 
sion 

is  a  maximnm.    Patting **'  '''^'  ** —  _  i,  then  the  ezpreesion 

to  be  made  a  maximum  becomes  he^  —  <r/.  But  we  knoif  from  Vol. 
I.  §  386,  that  this  becomes  a  maximum  for  c,  h  ~ ,  and,  therefore, 
it  is  evident  that  the  effect  will  be  a  maximum  when  the  veloci^  of 
entrance  of  the  water  (?.  ■» ^*^^'^ . 

If,  from  the  necessarily  small  value  of  /«,  we  put  eo%,  m  »  1,  and 
assume  also,  that  there  is  no  loss  in  the  discharge  from  the  sluice, 

then  c,  H ^1 ;  and  hence  we  perceive  that  the  veloci^  of  en- 

1_?JJ£ 
f  dr. 
trance  must  be  made  greater  than  the  velocity  at  the  circumference 
of  the  wheel,  and  this  so  much  the  more  as  the  free  space  %  is  greater. 
The  loss  by  escape  of  water  is  not,  as  an  average,  more  than  10  to 

15  per  cent.,  or  ^—- —  ss  ^  to  i^^,  and,  therefore,  the  velocity  of 

entrance  of  the  water  c,  =  y  v,  to  f  1^  v..  In  practice,  however,  e^ 
is  made  »  2  v^,  or  the  wheel  revolves  with  half  the  velocity  the  footer 
hoe  acquired  at  entering  the  wheel,  because  in  this  way  the  loss  is 
not  much,  and  the  water's  entrance  is  more  easily  regulated. 

If  we  introduce  c^  cos,  ^  »  2  v^,  or  v^  «=>  ^  c^  cos.  i^y  into  the  equa- 
tion above  found,  we  get : 

Lff       \  2gcos.ii^v\      eMdvJj  a 

L     \co9.  II?        f  g  \         id  v/J  a 

From  the  factor  (l  —  ^-^\ «  we  learn  that  the  maximum  effect 
\         tdv/ 
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does  DOt  take  place  here  when  t;  »  0;  for  even  when  v  »  ^—r-  ^® 

f  a 

whole  effect  of  the  water's  weight  is  lost  by  the  water  escaping 

through  the  free  space. 

§  111.  Efficiency  of  Breast  Wheeh. — Morin  has  made -a  number 

of  experiments  on  breast  wheels  of  good  construction.     He  has 

compared  his  experimental  results  with  those  of  the  theoretical 

formula: 

and  has  found  a  tolerable  agreement  between  the  two  to  subsist, 
when  the  formula  is  corrected  by  a  co-efficient  *,  or  if  we  put: 

One  wheel  on  which  Morin  experimented  was  of  cast  iron,  with 
wooden  buckets  placed  obliquely  to  the  sluice,  and  turning  in  a 
close-fitting  iron  curb.  The  wheel  was  21  feet  4  inches  in  diameter, 
and  4'  —  TO"  wide;  the  fall  was  6'  —  6'',  there  were  50  floats,  and 
the  velocity  of  revolution  was  from  3'  —  4"  to  nearly  8  feet  per 
second,  the  velocity  of  the  water  from  a  well-constructed  sluice 
being  from  9  feet  2"  to  10  feet  6''.  The  co-efficient  x  was  found 
to  be  about  0,75,  and  the  efficiency,  including  the  friction  of  the 
axles,  nearly  0,60.  A  second  iron  wheel,  experimented  upon  by 
M.  Morin,  was  hung  in  a  well-fitting  sandstone  curb.  It  was  13 
feet  diameter,  and  13  feet  wide.  There  were  32  floats,  the  fall 
being  6  feet  6''.  So  long  as  the  speed  of  the  wheel  did  not  differ 
more  than  from  47  to  100  per  cent,  from  that  of  the  water  entering 
it,  that  is  within  speeds  varying  from  1'  —  8''  to  6  feet,  the  co-effi- 
cient x  remained  nearly  constant,  viz.:  =  0,788,  and  the  efficiency 
of  the  wheel  was  ==  0,70.  A  third  wheel  was  almost  entirely  of 
wood,  and  hung  in  a  close-fitting  curb.     Its  height  wag  20  feet,  and 
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tween  the  floats,  and  that  the  efficiency  does  not  vary  mnch  for  varia- 
tions of  the  angular  velocity  of  the  wheel  from  1'  —  8"  to  6'  —  6" 
per  second. 

Egen  made  experiments  on  a  hreast  wheel  23  feet  in  diameter, 
and  4^  feet  wide.  There  were  two  peculiarities  in  this  wheel.  The 
69  well-ventilated  buckets,  were  constructed  exactly  as  in  overshot 
wheels ;  and  the  sluice  was  in  two  divisions,  of  which,  according  to 
the  state  of  supply  of  water,  the  upper  or  under  one  could  be  drawn. 
Although  the  mantle  fitted  very  closely,  the  efficiency  of  this  wheel 
was,  at  best,  only  0,52,  and  as  an  average,  with  6  cubic  feet  water 
per  second,  and  4  revolutions  per  minute,  the  efficiency  was  only 
0,48. 

Experiments  with  a  breast  wheel  are  described  in  the  ^^Btilletin 
de  la  SoeiStS  InduiL  de  MuOotue^  L.  XYIIL"  The  wheel  was  of 
wood,  5  metres  or  16,4  feet  in  diameter,  and  18  feet  wide,  made  in 
three  divisions  on  2  centre  shroudings.  The  curb  started  from  a 
parabolic  saddle-beam  8  inches  in  heidit,  and  the  water  was  laid  on 
by  an  overfall  sluice  8  inches  high.  Thus  the  velociQr  of  the  water 
was  about  8,8  feet,  and  the  angular  velod^  of  the  wheel  from  5 
feet  to  &  —  &'.  The  buckets  were  fiUed  from  ^  to  |,  and  the  effi- 
ciency increased  as  the  buckets  were  more  filled.  When  the 
buckets  were  quite  filled,  the  efficiency  was  0,80 ;  when  half-filled, 
it  was  0,73 ;  and  with  less  water,  it  was  only  0,52.  The  experi- 
ments on  the  efficiency  of  the  wheel  for  different  degrees  of  filling  of 
the  buckets,  were  easily  and  precisely  made  in  this  case,  from  the 
circumstance  that  the  water  could  be  laid  on  each  division  of  the 
wheel  separately.* 

Examjpik.  Required  the  calculated  proportions  of  a  breast  wheel,  being  given  Q^  15 
cubic  feet  per  second,  A  =s  8|  feet,  and  the  velocity  of  revolution  5  feet  We  shall  assume 
the  depths  of  the  floats  or  of  the  shrouding  to  be  1  foot,  and  suppose  the  buckeu  to  be 

filled  to  i  their  contents.    The  width  of  the  wheel  is,  hence,  e  as  -^  ^  —  tm  6  ftet 

dv        1.5 
Assume  also  that  the  water  enters  with  double  the  velodtj  of  rotation,  then  esM2 .  5ik  iC 
feet,  and  the  fall  required  to  generate  the  velocity 

A.  as  1,1  J^».  1,1  .  0,00155  .  100  »  1,705  feet 

Dednctiog  this  impact  fall  from  the  total  fiiU,  there  remains  for  the  height  of  the  curb, 
or  for  the  fall  during  which  the  water's  weight  alone  acts,^aBA  —  A,ks8,5  — 1,705 
^6,795  feet  We  shall  adopt  a  large  wheel,  that  the  water  may  not  fall  too  high  into 
it  Making  the  radius  a  ^12  feet,  and  the  radius  of  the  division  line  sb  11,5  feet. 
The  water  revolving  with  the  velocity  of  the  wheel,  we  shall  suppose  to  be  carried  lo 
the  bottom  of  the  curb,  as  represented  in  Fig.  224.  The  central  angle  a  of  the  curb 
£G,  or  the  angle  by  which  the  points  of  entrance  of  tlie  water  E  deviates  from  lowest 
point  J^,  is 

«•.«=:  1  —  ^ -- 1 -.  il!?!  =s  0,4092, 
a,  11,5 

and,  hence,  a  =s  G5^,  50^.  We  shall  assume  that  the  direction  £c,  of  the  water 
deviates  20  degrees  from  the  direction  £p,  of  the  wheel's  motion   at  the  division 


*  [For  the  efficiency  of  breast  wheels,  with  elbow  and  centre  buckets,  see  above  (p. 
182,  note).  The  Franklin  Institute  committee  found,  with  a  15  feet  wheel  and  elbow 
buckets,  taking  the  water  10,46  feet  above  the  bottom  of  the  wheel,  an  efficiency  from 
612  to  677,  and  laying  in  on  7  feet  from  the  bottom,  the  efficiency  varied,  with  different 
kiodM^  from  ,568  to  ,631.~Am.  £d.] 

18* 


EFFICIEXCT  OF  BEBAST  WHEELS. 


eirdf,  an<l  refer  ibe  velocity  of  5  feet,  in  like  munn^^  to  the  division  or  pitth  eli 
Wo  then  hnve  iho  co-ordmates  of  the  eiimrnjt  of  ibe  pambotic  saddJe,  JiM  ^  k  i 
c,>tii.(45»3Q^f  ^  ^  g  ^^^^  nnd  Af£  =  /=  ^  <m.  01*  V  =  1,55  feet ;  according  to  wbkli 

4jm6niion9  the  construction  of  Tig,  224  but  been  cwnod  out.    Tbe  height  of  the  watet 

Fig,  1i24. 


L\\l 


JR  above  t!io  iiU  is  *^  — 1-=],705  —  0  « 
«^,  Q  =  ^  f  a:  J^ff  (^0,905  --  i) 


s  0,905j  wid  if  w©  put  the  height  of  the  orMiw 


15 


^<  Jsg  ^3,905  ^  I W  0,9  . 6  .  8,02  Jo,905  —  1 


0.35 


U^  J  0.605  ^1       J  0,905  —  I 


:  atidi  hence,  :£^  ^  0  *  4  feet. 


The  ibeoreucftl  effect  of  thh  i^-heel  is  X  ^ 

.(cm.^— »).^  A,)  Q ,,  =  (^'""g'^"'^'  +  6.795)  .  15  .  62.25  »  7241  ft« 

Jbi^  and  the  whole  aviiilable  effect  m  8,5  X  ^33  fee*  lbs.  ^  7930  feet  JbA.  We  bite 
now  eo  deduct  the  [oas  by  the  escape  of  water  through  the  free  spaoe  between  ibe  curb 
and  the  wheel  A^umlng  Ibe  ptajf  to  be  J  inch  ==  ,1^  feei,  then  the  aiem  of  the  M  by 
which  the  WBler  can  escape  is  jJj  .  6  ^  J  square  feet.  In  order  now  to  find  the  menn 
velocity  ir,  with  which  the  water  pa9«e&  lbrr»ugh  tbsa  aperture,  tbe  li eight  of  curb  KG  U 
to  be  divided  into  6  eqnal  purl*,  and  the  poiition  of  the  buckets  Ibr  each  point  so  {kMmK 
aecurately  delineated,  as  U  done  in  Fig.  224,  and  ihe  heads  or  prei»iuTe«  measufed. 
Commencing  at  the  top,  we  have :  z  =  0,80,  s,  =  0,80,  =»  =  0,80,  r^s  0,B0,  z^  ^  U,67, 
£^^0^48  andffSzO.  Ffonn  thii  we  have  the  mean  of  (he  square  roots  of  (he«e 
f|tiantiiies  ^ 

i .  0,S94  +  0,804  +  0,894  +  0,S  1 8  +  0.693  +  0  _ ^^^^^ 

and,  henee.  the  mean  Telocity  of  escape  of  the  water  ==8,02  X  0,7736  ^  6,1 8S.  The 
mecbanica]  effect  corresponding  to  this  is  Li^  ft  twk^y^  io  which  fs=  0^7  the  oo- 
cRicient  of  discharge,  therefore, 

1  =  0,7  ,  i  .  6,188  X  6,79  X  62,25  i==  916  feet  Ib^ 
The  loss  by  escape  at  the  mkt  of  the  wheel  may  l)e  calculated  by  the  formtala  given  § 
108.     It  will  be  found  s  180  feet  Ihe.     So  that  tbe  total  loss  by  tbe  eecape  of  water 
£x  1090  feet  lbs  ^  deducting  tbis  from   7244   feet  lbs ,  there   rentaio  61 48  feet  th& 
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eOe^iv#.    Tbe  etaspe  of  water  in  ^is  whe«l  we  see  irkvolvea  &  \cm  of  16  p«r  dent.  pC 

liip  nicK'liBTiic-iil  effect  of\he  (j^IU  By  tbe  fVicrion  nf  the  water  «rjd  tUc  refiUluiice  of  *lie 
WHtf-r^  the  loss  is  about  160  feet  IIm^  or  about  2|  per  cent.  There  r^mnins,  ihererofe, 
S9BS  feet  ib&. 


3000  X 


!,  If  the  ratio  of  Ailing  the  buGtcets, 


If  ttow  we  take  the  weigfit  of  the  wlieel  G  i 

being  i,w©  bt«  ii«5?^«ii^4  and  L= , 

■► «         2  «r  55tJ 

weight  of  iha  whe^r  ^         -  ^  -     ^  1650  Ibe.    Hericei  the  mdkii  ©f  Ibe  gudgeons 


:  1 1  Jbi*  f*et  neatly  5  then,  the 


4    4 


r  H  0,(302  y^25Q^  0J82  feet,  and  fmm  tliii  we  g«t  ihe  medumical  eSect  abMrbed  bf 

frictions-  /G  V  3=  ^-^  .0,1  .  1C50Q  .  &  ^  136  feet  lbs.     Mnkirtg  tfaji  further  do- 
«  11.5 

iJuciion,  ihei«  remains  585^  feet  jbe.^10,6  feet  lbs.,  and,  lastly,  tbe  ffiarmy  of  the 


wheel  1*  ^  ^ 


7&3U 


:  €<  74, 


Fig  ^23. 


§  112,  Undershot  Wkeeh, — Undershot  wheels  usually  hang  in  a 
channel  made  to  fit  as  elosely  to  tbe  wheel  as  possible,  so  that  water 
may  not  eaeape  without  producing  its  effect.  Hence,  the  appllcatioo 
of  a  cliauncl  having  a  curb  concentric  with  the  wheel  is  considered 
better  than  a  atratght  channel  tangential  to  the  wheel  The  curb 
allows  of  eotne  of  the  effect  of  the 
weight  of  the  water  being  availed  of* 
The  calculation  for  Buch  a  wheel 
as  is  represented  in  Fig.  225,  when 
the  curb  AB  embraces  8  to  4  floats 
at  least,  is  identical  with  these  for 
the  breast  wheels  last  considered. 
The  rules  for  construction  of  under- 
shot  wheels,  correspond  too  with 
those  for  breast  wheels.  The  floats 
are  usually  put  in  radially;  but 
sometimes  they  are  inclined  up- 
wards towards  the  sluice,  that  they 
may  carry  no  water  up  with  them  on  the  opposite  side.  Theae 
floats  are  not  unfretjuently  composed  of  two  equal  pieces  *4/?  and 
JSA  Fig.  226,  so  that  the  ' 

angle  JIDB  =  100^  to  120°.  F%  236. 

This  arrangement  allows  of 
ample  openings  being  left  in 
the /Jwnn^  of  the  wheel,  with- 
out fear  of  the  water  flowing 
through  the  sluice.  The  cells 
or  buckets  are  allowed  to  fill 
from  one-half  to  two-thirds  of 
their  capacity,  or  ?  =  J  to  |. 
To   prevent  overflow  of  the 

water  inwards,  or,  in  order  to  have  greater  capacity,  the  depth  of 
the  wheel,  u  €•,  of  the  shrouding,  is  made  from  15  to  18  inches. 
The  laying  on  the  water  tangentiall^  is  more  rarely  done  than  in 
breast  wheels.     The  sluice-hoard  is  inclined  in  order  that  the  sluice- 
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aperture  may  lie  as  dose  to  the  wheel  ap  possible.  The  lower  edge 
should  be  rounded  off  to  prevent  partud  contraction  of  the  yein  of 
water. 

§  113.  The  effect  of  undershot  wheels  is  less  than  that  of  breast 
wheels,  the  fall  available  as  weight  being  ^eater  in  the  latter.  The 
Aa(f  of  the  fall  is  necessarily  lost  when  it  acts  by  impact,  whereas 
the  loss  by  escape  of  water  acting  by  its  weight  on  those  wheels  does 
not  amount  to  ^  of  the  whole.  Experiment  has  satisfactorily  estab- 
lished this.  The  wheel  with  which  Morin  experimented  was  19^.6" 
in  diameter,  5^  feet  wide,  and  had  36  radial  floats.  The  sluice  was 
inclined  at  an  angle  of  34^^  to  the  horizon,  and  the  sluice-aperture 
was  2^  feet  back  from  the  commencement  of  the  curved  course. 
The  total  fall  was  6' — 3",  and  the  head  on  the  sluice-aperture  4' — 7". 
There  was,  therefore,  a  fall  of  about  1'  —  8"  through  which  the 
water's  weight  acted.  The  velocity  of  the  circumference  of  the 
wheel  was  from  6'  —  6"  to  13'  —  (K' :  and  the  velocity  of  the  water 

on  reaching  the  wheel  from  16  to  18  feet.     As  long  as  ^  did  not  ex- 

c 

ceed  0.63,  the  efficiency  tj  was  0.41  as  a  mean:  but  when  ^  varied 

c 
between  the  limits  0.5  and  0.8,  then  the  mean  efficiency  «r  was 
only  0.88. 

Betaining  our  former  notation,  we  have,  for  the  effect  of  this 
wheel,  exclusive  of  friction  of  gudgeons, 

in  the  first  case;  and 

in  the  second. 

A  second  wheel  with  which  Morin  experimented,  was  about  13 
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fined  in  mantles  or  curbs  as  follows.  Wheels  in  which  A,  =  JA 
M  ^  0,40  to  0,45.  When  A,  -=  f  A,  *  =  0,42  to  0,49.  When  h,  ^  |  A, 
9  =t  Oj47j  and  when  h^  ^  |A^  *  =  0,55, 

Eittmplt.  Required,  the  eJTbct  of  an  undershot  wheel,  15  feet  in  dimmeteT^JLml  making 
8  revolutions  per  m  in  ate*     Tlie  Tall  4  f«r,  ami  tlio  quantity  of  wnter  20  cubws  feet  per 

leoond,  V  ss  ^  "     ^  — '     ' —  ^  6|SS3  feet  und  supposing  the  veloeUy  q''  the  w&ter 

w  be  de«blt  this,  then  ih«  presaiiTB  of  ihe  waiet  In  Cront  of  the  al nicer  t»»  ^l^ai  wa  Lave 

(J 
lemied  Ihe  trnpaci-fatl  s=  1,1  —  =  Kl  X  0,0155  X  l2,5O»  =  5jO80  feet,  nnd  there  thew 

^^ 
fore  renirtioi  as  fatl,  through  which  the  wmtCT  acis  by  its  weiKbl,  /t,  =s  4  ^  5,689  ^  1.31 1 
feet,  and   hence  the  theyieticul  effecl  =  (0,031  .  6,283* -(-  K^^i)  20  .  62,3  =  (1,1^03 

+  1,311)  1245  =  3S64  feet  Jbs.     In  tliis  Qiee,  Aj  =  Hii  h  ^  0»33  A,  and,   therefore, 

4 
the  co-eflicieni  k  ma/  be  taken  0,42,  and  hence  the  effect  Xs=0,42  .  3264  =  13708  feet 
lbs.  from,  which,  however,  the  gudgeon-friction  hai  to  he  deducted, 

§  114,  Wheels  in  Straight  Oourse^^ — When  the  undershot  wheel 
i&  hung  in  a  straight  course,  the  effect  is  a  minimum;  because  the 
water  produces  its  effect  bj  impact  alone,  and  a  considerable  quan- 
tity escapes  unused.  These  wheels  are  only  adopted  for  falls  of  less 
than  4  feet,  and  where  water  power  is  of  value  the  Poncelet- wheel, 
or  turbines,  are  now  invarially  preferred.  They  are  made  from  12 
to  24  feet  in  diameter,  with  24  to  48  floats,  usually  radial,  but 
sometimes  placed  with  a  slight  inclination  towards  the  sluice*  The 
breadth  or  depth  of  the  floats  should  be  made  about  three  times  the 
thickness  of  the  layer  of  water  coming  through  the  sluice,  because 
the  water  in  contact  with  the  wheel  retains  only  35  to  40  per  cent, 
of  the  velocity  of  the  water  before  impact,  when  the  greatest  effect 
is  produced;  and,  therefore,  the  stream  of  water  flowing  along  as 
the  wheel  revolves  is  2  J  to  3  times  the  thickness  of  the  water  com- 
ing from  the  sluice.  The  depth  of  the  sluice-aperture  is  usnally  4 
to  6  inches,  and  thus  the  floats  are  made  from  12  to  18  inches  deep 
for  the  above  reason.  The  straight  course  in  which  undershot 
wheels  are  suspended  may  be  either  horizontal  as  in  AB^  Fig,  227, 


214 


USEFUL  EFFECT  OF  U5DERSH0T  WHEELS. 


muBt  be  reduced  to  1  or  2  inches  at  most.     And  hence,  it  ib  better 

to  lay  the  couree  with  a  slight  curvature^  the  floats  beiog  made  so 
numerous,  that  there  are  always  4  or  5  floats  submerged. 

Fig,  238. 


The  penstock  is  set  with  an  inclination  to  bring  the  orifice  of 
discharge  as  near  to  the  wheel  as  possible,  and  to  avoid  contraction* 
To  prevent  back-water,  the  course  is  made  to  drop  suddenly  some 
inches,  at  the  point  where  the  water  quits  the  wheeL  Besides  this 
provision,  arrangements  for  raising  and  depressing  the  wheel,  or  the 
water-course,  are  adopted. 

Fig.  227  represents  a  lift  for  the  wheel  (called  in  German  Zieh- 
pan&ter).  The  axle  Mof  the  lever  MB  coincides  with  that  of  the 
wheel,  so  that  the  connection  between  the  driving  wheel  and  piaion 
may  not  be  altered  in  raising  or  depressing  the  water  wheel.  All 
these  arrangements  are,  however,  rendered  unnecessary  by  the  adop- 
tion of  the  turbine,  instead  of  undershot  wheels^  in  all  cases  In  which 
the  water  is  liable  to  much  variation. 

§  115.  Useful  Effect  of  Undershot  Whteh, — Experiments  on  the 
useful  effect  of  undershot  wheels,  with  straight  courses,  have  been 
made,  but  only  on  models,  by  De  Parcieux,  Bossat,  Smeaton, 
Lagerhjelra,  &c* 

The  experiments  of  Smeaton  and  Bossut  are  the  best**  The  re- 
sults of  the  experiments  are  satisfactorily  in  agreement  with  each 
other,  and  confirm  the  theory.  The  mechanical  eifect  evolved  by 
these  wheels  was  ascertained  in  all  the  experiments,  by  raising  a 
weight  by  means  of  a  cord  passed  round  the  axle  of  the  wheels, 
Smeaton's  experiments  were  made  with  a  small  wheel  75  inches  in 
circumference,  having  24  floats,  each  4  inches  wide,  and  3  inches 
deep.     The  general  conclusion  at  which  iSmeaton  arrived  is,  that 

for  the  velocity  ratio  -  b  0,34  to  0,52,  the  maximum  useful  effect 
c 

amounts  to  0,165  to  0^25.     Bos3ut*s  experiments  were  made  with 

a  wheel,  8  feet  in  diameter,  provided  with  48,  with  24,  and  with  12 

bucketSi  5  inches  wide,  and  4  to  5  inches  deep.     Bossut  found^  as 

*  [See  foot  note  mnd  feference  next  page«-^Ax«  £o.] 
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theo^  indicates,  that  with  48  floats,  the  efficiency  is  greater  than 
with  ^4,  and  with  24  greater  than  with  12 ;  and  he  deduced  from 
his  experiments  that  about  25^  of  the  wheel's  circumference,  or 
•/fjf  .  48  Mi  V,  or  more  than  8  floats  should  be  in  the  water  at  the 
same  time.  From  Bossut's  experiments  on  the  wheel  with  48  floats, 
a  somewhat  greater  efficiency  results  than  is  indicated  by  Smeaton's 
experiments,  and  this  may  probably  be  attributed  to  the  greater 
proportional  number  of  buckets  in  Bossut's  model.*  The  mean 
result  of  the  two  sets  of  experiments  gives  the  effect  of  such  wheels, 
friction  not  taken  into  account : 

L  -  0,61  (ilZ^  Q  y  =  1,19  {c  —  v)vQ  feet  lbs. 

This  formula  will  only  apply  on  the  scale  of  practice,  when  the 
play  allowed  between  wheel  and  course  is  not  greater  than  1\  inch. 
Instead  of  Q  we  have  JV,  in  which  F  is  the  arc  of  the  float  cQpping 
into  the  water;  and  hence  we  have  the  formula  given  by  Christian 
in  his  ^^MSeanique  indtutriellej**  substituting  0,76  for  0,61. 

L  -  0,76  Fy  .  (^IZl)  cv  -  1,48  (c  —  v)  Fcvteet  lbs. 
From  the  experiments  extant,  it  follows  also,  that  the  maximum 

effect  is  produced  for  the  velocity  ratio  -  »  0,4,   as  indicated  by 

c 

theory.    For  ereater  velocities  this  ratio  is  somewhat  less,  and  for 

large  bodies  of  water  the  ratio  is  somewhat  greater. 

§  116.  PartAian  of  Water  Power. — A  given /aK  of  water  is  often 

divided  between  several  wheels,  not  only  because  a  single  wheel 

would  have  cumbrous  dimensions,  but  more  especially  for  the  sake 

of  working  different  machines  or  tools  independently,  avoiding  the 

coupling  connections  with  one  source  of  power.    The  question  may 

arise  as  to  a  division  of  height  of  fall^  or,  as  to  partition  of  the 

quantity  of  water.    As  a  general  rule,  we  may  assume  that  for 

wheels  on  which  the  water  acts  by  its  weight,  a  partition  of  the 

quantity  of  water,  and  for  wheels  on  which  the  water  acts  by  impact, 

a  partition  of  the  height  of  fall  is  to  be  preferred;  for  we  have  seen 

that  the  efficiency  of  overshot  wheels  of  great  diameter,  is  greater 

than  that  of  overshot  wheels  of  smaller  diameter,  or  even  than 

breast  wheels;  and,  on  the  other  hand,  it  is  manifest  that  the  loss 

of  effect  by  impact,  and  by  the  escape  of  water  through  the  wheels, 

is  less  when  these  wheels  are  placed  one  behind  the  other,  than  when 

they  are  put  side  by  side,  because  the  velocity  due  to  the  height 

corresponding  to  the  loss  of  effect  yp~^f  (Vol.  I.  §  387),  and  the 

ratio  3.  of  the  free  space  to  the  depth  of  water,  is  less  than  in  the 
latter  case.    For  breast  wheels  in  a  curb,  on  which  the  water  acts 


*  [The  ratio  of  efTect  to  power,  obtained  by  the  Committee  of  the  Franklin  Institute, 
was  found  to  vary  from  ,266  to  ,305,  and  the  average  is  set  down  at  ,285.  See  Journal 
Franklin  Institute,  3d  series,  Vol.  IL,  p.  2,  for  July  1841.— Am.  £b.] 
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by  its  weight  and  by  impact,  and  in  wbicb  the  loss  of  water  depends 
mainly  on  -j- ,  there  is  no  general  rule  for  the  preference  of  one 

toode  of  partition  OTer  the  other^  and  the  circumstances  of  ea^h  c«0e 
must  determine  onr  choice. 

§  117.  Floating*mUl  Wkceh. — Wheels  suspended  on  two  boats, 
or  bargcSj  conveniently  moored  in  a  river,  are  undershot  wheels 
without  curb  or  limited  oourie  of  any  kind.  These  wheela  are  sup- 
ported either  on  two  boats,  one  of  which  contains  the  mill  machinery, 
or  one  end  of  the  axle  rests  on  a  boat,  the  other  resting  on  pilea 
driven  in  on  shore,  in  which  case  the  mill  machinery  is  kept  oe 
shore. 

The  conatruction  of  boat-mill  wheels  differs  from  that  of  ordinary 
undershot  wheels^  inasmuch  as  they  have  no  shrouding,  the  float* 
being  attached  directly  to  the  arios*  These  wheels  are  made  from 
12  to  15  feet  in  diameter,  and  have  generally  only  6  or  7  float«t 
although  10  to  12  would  constitute  a  better  wheel.  The  floats  arc 
made  long  and  very  broad,  that  they  may  catch  a  large  stream  of 
water^  for,  the  velocity  being  usually  small,  the  vi»  viva  depends  in 
a  great  measure  on  the  mass.  Floats  of  6  to  18  feet  in  length,  and 
2  feet  to  30  inehes  broad,  are  usuaL  The  floats  are  inclined  at 
angles  of  from  10^  to  20°  to  the  radius,  and  dip  to  about  one-half 
their  breadth  into  the  stream, 

Fig.  229  represents  a  boat-mill  (Fn  mouUn  d  nef;  Ger,  Sckiff* 
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Fig.  220. 
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milkle).  A  being  the  mill-house  on  the  barge  -B,  and  C  a  wheel 
with  6  floats,  the  axle  of  which  passes  through  the  mUl-bouse,  and 
projects  as  far  on  the  opposite  side  of  the  boat  as  the  one  seen  in 
the  figure  does  on  this.     The  mill  gear  is  within  the  house. 

The  effect  of  boat-mill  wheels  is  lesa  than  of  wheels  hung  in  a 
confined  coursej  for  two  reasons,  viz. ;  the  water  oot  only  escapea  by 
the  sides,  and  under  the  floats,  but  a  considerable  quantity  passes 
through  the  wheel  without  coming  into  action,  from  the  small 
ber  of  buckets  that  dip  into  the  water. 
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'   §  118.  The  theoretical  effect  of  a  freely  suspended  water  wheel 
may  be  represented,  as  for  undershot  wheels,  by  the  formula 


t  and  V  being  the  velocities  of  the  water  and  of  the  wheel,  and  F  the 
area  of  the  part  of  the  float  dipped,  neglecting  the  damming  up  of 
the-water  ,upon  it.  This  expression  has  to  be  multiplied  by  a  co- 
efficient allowing  for  the  loss  of  water. 

§  119.  Experiments  on  the  effect  of  these  wheels  have  been  made 
by  De  Parcieux,  Bossut,  and  Poncelet,  but  principally  on  models. 

BoBSut's  model  wheel  was  3  feet  in  diameter,  had  24  floats,  6| 
inches  wide,  dipping  4^  inches  into  the  water.  The  velocity  of 
the  water  was  6  feet  per  second.  The  result  of  these  experiments 
gives  /ft »  07  to  1,79  as  the  co-efficient,  by  which  the  formula 

L  -fcl?&f  J'y  is  to  be  multiplied,  and  ^wm  0,877  to  0,706  as 
9 

the  co-efficient  for  the  formula  L  »  ^       ^ —  Fy{iee  D'Aubuissou, 

9 
"  Hydraulique,"  §  852).  The  limits  of  the  values  of  the  co-efficients 
are  nearer  each  other,  in  this  latter  case,  than  in  the  other,  which 
was  to  be  expected,  as,  from  the  number  of  buckets,  the  second  for- 
mula is  most  applicable.  The  number  of  buckets  should  be  such 
that  2  at  least  are  in  the  water,  and  then  the  latter  formula  with  the 
mean  co-efficient  m  ■■  Ofi^  will  apply,  or, 

Lmm0fii^Z:^hlFym.l,55{e—v)evF{eetlhB. 
9 
Poncelet's  observations,  made  on  three  boat-mill  wheels  on  the 
Rhone,  agree  with  this.  These  wheels  were  8  to  10  feet  long,  and 
the  floats  dipped  2^  —  8"  to  2^  —  9^'  into  the  water  flowing  with  a 
velocity  of  m>m  4  to  6|  feet  per  second.  Poncelet  cites  an  experi- 
ment by  Boistard,  and  one  by  Christian,  both  of  which  confirm  the 
accuracy  of  this  formula. 

Bossut's  experiments,  in  exact  accordance  with  theory,  show  that 
the  maximum  effect  is  obtained  when  v  wm  0,4  e,  and  Poncelet's  ex- 
periments on  the  Rhone  boat  wheels  also  give :  -  m  0,4. 

c 

Introducing  t;  a  0,4  c  into  the  above  formula,  the  useful  effect 
becomes: 

X-  0,8  Mj-M^J'y-  0,192 £^  -Fy- 0,884^  Qy, 
9  9  ^9 

and,  hence,  the  efficiency  ij  «=  0,384. 

De  Parcieux's  experiments  were  specially  directed  to  ascertaining 
the  best  position  for  the  floats.  The  result  was  that  an  inclination 
of  60^  to  the  stream  is  the  best. 

Ranark.  There  hat  long  been  a  doubt  as  to  which  of  the  two  formulaa 
^  ^^«Jc  — v)*v  p^  ^^  ^  ^^.(g— P)fP  Fxistbe  more  correct.    Theoiieb  known 

8  8 

■s  PmttU'$  formuUi,  the  other  as  Borda't.    Now,  although  for  a  wheel  in  an  unconfined 

VOL.  n. — 19 
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flifpam  acting  on  the  fkmu,  «I1  the  wai«r  going  tbrough  th«  wheei  dam  not  aMtinae  the 
v^hKJty  of  the  floats,  yet,  consideniii;  The  great  extent  of  the  floata'  Mir&ao^  it  msy  o^f'- i 
tainly  be  presumed  that  the  greater  par!  orihe  water  on  impinging,  lakes  tb«  Tetocity  ofl 
the  flottt^,  and,  hence^  the  greater  aceordanoe  between  exp«rimenti  in  Bofda*«  formula  li 
expiaineil.     Parent's  formula  is  (bunded  on  the  GS&umption  thai  the  impact  b  propor- 
tional lo  the  height  due  to  the  relative  velocitjr  c—  p,     {Cort^are  Vol  I.  S  3^2,  where  the 

j> 
fofce  of  impact  i«  given  ^  Lj&6  ^  Fy  when  V^O,) 

2f 

I  120.  Poneehfs  Wheeh, — If  tbe  floats  of  undershot  wheels  he  ! 
curved  so  that  the  stream  of  water  rima  along  the  concave  aide, 
pressing  upon  it  without  impact,  the  effect  produced  ib  greater  than  1 
when  the  water  impinges  at  nearly  right  angles  against  straigbt 
buckets* 

Poncelet  introduced  these  whecla.  They  are  of  very  advantageous 
application  for  low  falls  under  6  feet,  because  their  effect  is  much  I 
greater  than  that  of  undershot  wheels  with  or  without  a  curb*  For  | 
greater  falls,  breast  wheels  with  a  well-formed  circle  excel  tbem, 
and  as  their  construction  is  more  diflficult,  they  are  not  applied  for 
greater  falls  than  6  feet-  Poncelet  has  treated  of  these  wheels  in  a 
special  work,  entitled  ^^MSmoire  but  ies  Bouen  hydrauliqueg  a  aube4 
c<mrbe»^  mueM  par-de$goiiSy  Metx,  1827/ '    Fig*  230  represents  the  j 

Fig.  230, 


general  arrangement  of  these  wheels;  AE'iB  an  inclined  Bluiee-boArdn 
JiB  is  the  stream  of  water  entering  the  wheel  at  the  buckela  B^\ 
and  BjD^.  FG  is  the  surface  of  the  tail-racep  In  order  that  nearly 
all  the  water  may  come  into  action,  the  wheel  must  have  very  little 
play  in  the  water-cour&e,  and  to  prevent  partial  contraction,  thdJ 
under  side  of  the  eluice-board  is  rounded  off;  also,  to  prevent  loes  m 
vis  vwa  by  friction  in  the  channel,  the  aperture  of  the  sluice  is 
brought  close  to  the  wheel.  The  first  part  of  the  course  AB  ii^^ 
inclined  at  j\^  to  ^'g.  The  remainder  of  the  course,  which  embraeed^f 
the  length  occupied  by  three  buckets  at  least,  is  accurately  earved 
concentrically  with  the  wheel,  and  at  the  end  of  it^  a  sudden  dip  of 
^  I  6  inches  is  tnade^  and  the  tail-race  should  also  be  widened  to  ffoard 
against  any  liability  to  back<water  on  the  wheel.     Poncelet  iflieeU 
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have  been  constructed  from  10  to  20  feet  in  diameter,  &nd  with  32 
to  48  floats  of  aheet  iron  or  of  wood.  Wooden  floats  are  eomposed 
of  staves,  like  a  barrel,  the  outer  eilge  being  sharpened,  or  provided 
with  ft  sheet  iron  edge  piece.  Sheet  iron  ^oaU  are,  however^  mnch 
more  suitable,  as  good  construction  is  an  essential  feature  in  this 
wheel  The  sluice  is  not  drawn  more  than  1  foot  in  any  case,  and 
for  falls  of  5  to  6  feet,  an  aperture  6  inches  bigh^  or  leas,  is  ar- 
ranged for* 

I  121<  Theory  &f  PonceJef»  Whteh. — To  obtain  the  njaximum 
effect  from  these  wheels,  the  water  must  go  on  to  the  buckets  with- 
out impact.      If  Ac  ^  c  (Fig. 


Fig,  23  r. 


231)  be  the  velocity  of  the 
water  going  on  to  the  wheel, 
and  ^fv  =  I?,  the  velocity  of  the 
periphery  of  the  wheel,  we  then 
have  in  the  side  vfcj  =«  Cy  of  the 
parallelogram  A  ti  c  c^^  the  ve- 
locity of  the  water  in  reference 
to  the  wheel,  both  in  magnitude 
and  direction*  If,  therefore, 
we  put  the  curved  float  AK 
tangential  to  Jtc\^  the  water  will 
begin  to  ascend  along  it  without 
the  least  shock,  with  the  velo- 
city Cj.  If  we  put  the  angle 
€^A  V  by  which  the  direction  of  the  water  deviates  from  that  of  the 
circumference  of  the  wheel,  or  the  tangent  J}v  ^  a^  we  have  for  the 
relative  velocity  of  the  water  beginning  its  ascent  on  the  floaU 
-.—  fi  V'c*  +  r* —  2  c  V  eoB.  a,  and  for  the  angle  v  A^c^=  *,  by 
which  it  deviates  from  the  circumference  of  the  wheel,  or  from  the 

tangent  Av,  we  have  «t».  t  =     -   "  ^. 

The  water  ascends  on  the  float  with  a  retarded  velocity, and  partakes 
of  the  velocity  of  rotation  tf  of  the  wheel  at  the  same  time.  Having 
ascended  to  a  certain  height^  its  relative  velocity  is  lost,  and  it 
descends  with  an  accelerated  velocity,  so  that  at  last  it  arrives  at 
the  outer  extremity  Ji^  with  the  same  velocity  c^  with  which  it  com- 
menced its  ascent.  If  we  combine  the  relative  velocity  jf,  <?,  =  e^ 
after  the  water  leaving  the  wheel  at  J}^  witb  the  velocity  of  the  cir- 
cumference jf ,  V  =5  i^  as  a  parallelogram  of  the  velocities^  we  have  in 
the  diagonal  Jl  w  ^  w  the  absolute  velocity  of  the  water  leaving 
the  whech     This  velocity  is 

and,  therefore,  the  mechanical  effect,  retained  by  the  water,  and 
lost  for  useful  effect,  is 


-(= 


% 


J)q. 


If,  now,  we  deduct  thie  loss  from  tbe  amount  of  effect  ^r-  Q  y  inhe- 


c  ■;/ 
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rent  in  the  water  before  its  entrance  on  the  wheel,  we  have  the  fol- 
lowing expression  for  the  theoretical  effect  of  the  wheel : 

^-(g-g)»-(y)»-c'~''~y''"°-)''" 

or,  asc»-(?/  +  v^+2(?,  v(?ot..,  .-.  L-.?iLl£??L!  .  Qy,  or, 

0 

e^ eo8.  f  ■■  s/e,*  —  c" «n.  6* «■  ^/c^  com.  a*  +  v*  —  2ev eo9.  a  ■■  c cot. 
a  —  V,  and,  if  we  put  this  in  the  above  expression,  we  have: 
I  .  2v{eeas.B  —  v)  ^ 

We  easily  perceive  that  the  effect  is  a  maximum  when  v  wm  \e 
co$.  a,  and  then  L  ■■     ^^'      Qy«      Also,   the  loss  of  mechanical 

.  ^  e« 

ejfeet  ifl  nuUf  or  the  whole  mechanical  effect  available,  or  L  at  j—Qy 

is  got  from  the  water  when  eoi.  a  ■■  1,  or  when  a  a  0. 

Although  it  is  not  possible  to  make  the  angle  of  entrance  a  a*  0, 
it  follows  from  this  that  a  should  not  be  a  large  angle — not  more 
than  80^,  if  a  good  effect  is  desired,  and  it  is  also  manifest  that 
the  velocity  of  rotation  of  the  wheel  should  be  only  a  little  less  than 
half  the  velocity  of  the  water  going  on  to  the  wheel,  that  the  effi- 


water  ascends  on 


ciency  may  be  the  greatest. 

§  122.  The  vertical  height  £0,  to  which  the 

the  floats,  would  be  ^  if  the  wheel  were  at  rest,  but  as  it  has  a 

velocity  of  rotation  v,  a  centrifugal  force  arises,  acting  nearly  in 
the  same  direction  as  gravity,  and  giving  rise  to  an  acceleration 

Pf  which  may  be  represented  by  -i-,  if  a^  be  the  mean  radius  Clf, 


%nd  V|  the  mean  velocity  of  the  wheel's  shrouding,  or  the  velocity 
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tlMlte  of  the  lower  Btr&tum  on  the  asflumption  of  a  me&n  velocitj* 
The  depth  of  the  shrouding  isj  therefore^ 

'       *^'i  +  — .  ^"^  ..  ,.   +  <*  (1  —  COS.  x). 


i'^d 


Fig.  23li. 


The  width  of  the  wheel  is  equal  to  the  width  of  the  stream  of 
water;  or,  e  ^  ^^.    If  the  capacity  d  e  v^  of  the  wheel  be  made 

1|  times  that  of  the  water  laid  on,  then  we  have  the  equation 
d  e^  =  ^  d^c  to  2  d^  <?,  and  hence  the  thickness  or  depth  of  the 

fitream  laid  on  =  d^  »  |  — ^  to  }  — I ,   Another  important  circum- 

€  C 

Stance  in  reference  to  these  wheels  is  the  determination  of  the  points 
of  entrance  and  exit  of  the  water,  that  is  the  water  arc  AA^,  which 
it  is  best  to  set  off  in  two  equal  portions  on  each  side  of  the  lowest 
point  of  the  wheel  J^.  The  length  of  this  arc  depends  on  the  time 
neceasary  for  the  ascent  and  descent  of  the  water  on  the  floats. 
To  find  this,  we  must  know  the  form  and  dimensions  of  the  floats. 
If  the  time  =  f,  then  we  may  put  ^4^^  ^  2  xa  =  v  ty  and  henee 
the  points  on  either  side  of  F^  at  which  the  water  enters  and  quits 

the  wheels  are  at  a  distance  =  x  =^  __. 

2a 

§  12E.  In  order  that  the  water,  when  it  has  reached  the  highest 
point  K^  Fig,  232,  may  not  run  over,  but 
fall  back  along  the  float,  the  inner  end  of 
the  float  Jf  must  not  oyerhang  the  float 
when  in  the  mean  position  FK;  but,  on 
the  other  hand,  that  the  float  may  not  be 
too  long,  the  end  K  of  the  float  must  not 
cut  the  inner  circumference  of  the  shroud- 
ing at  too  acute  an  angle.  Hence,  it  is 
best  to  give  the  inner  end  of  the  float  a 
vertical  position,  when  the  float  is  in  its 
mean  position.  Adopting  a  cylindrical 
form  of  float,  we  get  the  centre  of  the  cir- 
cular arc,  its  section,  by  drawing  MF  per- 
pendicular to  J'tfp  and  OJItf  horizontai  From  the  depth  of  shroud- 
ing FO  »»  d,  we  have  the  radius : 

C09,  « 

t  being  the  angle  MFO^c^  F  v. 

The  time  required  for  the  ascent  and  descent  of  the  water  on  the 
arc  FKm^j  be  found  in  the  same  manner  as  the  time  of  oscillation 
of  a  pendulum,  by  substituting  for  the  accelerating  force  of  gravity 

the  sum  jr  +  -^  of  this  acceleration,  and  that  of  centrifugal  force. 

This  time  may  be  found  exactly  by  the  method  given  Vol,  L  |  246, 

19* 
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by  patting  here,  as  there,  the  inBtant  of  time  required  to  moye 
through  a  small  space : 

.  In  order  to  find  the  time  for  ascent  and  descent  in  the  arc  tK^ 
we  haTO  to  substitnte  for  t  the  central  angle  MQL^  which  may 
be  determined  from  the  angle  e^  Fv  ■■  FmS^  f,  and  the  radius 
MF^  MS^  r,  by  the  formula : 


eO%.^mm  


NG  MN—Ma  reo9.»  —  \r 

La^  Ma      "  \r 

wm  —  (2  eo%.  f  —  IJ,  or  «in.  ^  t  ■"  \/eo9.  f . 


We  bare  now  the  time  U  required  for  describing  the  whole  arc  FK^ 
by  adding  together  all  the  yalues  of  the  expression : 

._(i  +  »a+^.,))jE.^. 

when  for  eo%.  t  we  substitute  in  succession : 

eo%.  ~,  €0%.  — ,  eo».  -i . . .  €0%.  — .     But 


€09. 

P            2* 

Z  a.  COS.  -I  +  eo8. 

n             n 

n 

+ 

1 

,  and  hence  ^^  —  F? 

!  + 

A 

8r 

n* 

+  «»«.!^- 


2» 


aU 


If  we  also  consider  that  the  whole  height  of  fall,  or  the  diameter 


♦• 


-V 


^         • 


r  .    ^ 
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of  Bhroading  cZ,  the  width  of  wheel  e,  and  the  angles  a,  f ,  &,  and  the 
Telocity  e^  of  the  water  at  the  beginning  of  ita  aacent.  If  we  atten- 
tiyely  conaider  the  formnlas  above  found,  we  perceive  that  they  do 
not  admit  of  a  direct  solution  of  the  problem,  but  that  the  method 
of  gradual  approximation  must  be  adopted. 

If  we  lay  on  the  water  in  a  horiiontal  direction,  the  deviation  a  of 
the  direction  of  ^l^e  water-stream  from  the  periphery  of  the  wheel  is 
equal  to'the^distance  x  of  the  point  of  entrance  from  the  foot  of  the 
wheel.  In  the  first  place,  we  may  put,  as  an  approximation,  the 
velocity  of  the  water  entering  the  wheel :  €wmi^y/'2gh^  and  from  this 
again,  the  velocity  of  rotation  of  the  wheel  w  }  (r,  as  also  the  initial 
velocity  of  the  ascending  water  (r^a- 1  tf,  we  have  hence  also  an  ap- 

SOfff 
proximate  value  of  the  radius  a  mm ,  and  the  same  for  the  depth 

of  shrouding  d  ■■  ^  »  ^  .  — ,  and,  hence,  also,  we  obtain  an  ap- 
proximate value  for  the  length  of  the  water  arc,  if  we  put  in  the  last 
formula  of  the  preceding  paragraph : 

t  -  *,  ^+^^*^  -  0,  and  r  -  li,  then : 
o 

2ka-«vi      / — £__,Mid,  therefore, 

With  the  assistance  of  this  approximate  value  of  x  ■■  a,  the  cal- 
culations must  be  repeated,  using  the  more  exact  formulas,  and 
taking  for  the  depth  of  the  water-stream  d|  an  appropriate  value  of 
ttom  8  to  12  inches,  according  to  circumstances.  The  head  or 
pressure  is  then  only  #^d|,  and  hence  the  velocity  of  the  water 

entering  the  wheel  is:  1.  «  ■■  /»  \/2g  (A  —  dj,  that  of  the  wheel. 

80  ft  ~ 
2.  vwm\e  C09.  a.     Again,  the  radius  of  the  wheel  8.  a  ■■ ;  for 

the  angle  §  made  by  the  circumference  of  the  wheel  with  the  end 
of  the  float, 

4.  eatg.  §  ■■  eaig^  a ^ —  ■■  ^  ea^.  a,  or  tang.  $  ■■  2  tang,  a; 

tfsifi.  a 

and  the  initial  velocity  of  the  water  rising  on  the  float. 

5.  e.  OB  — ^^mm  -JL.;  and  if,  instead  of  ^  we  put  — ,  the   depth 

sin.  f    •  eo9.  •  a^  a 

of  shrouding, 

6.  d-d|  + ^i'         +a(l— cof.x); 
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and  hence  again  we  have  the  width  of  the  wheel: 

7.  «  Bs  .^  and  the  radius  of  the  cnrvatnre  of  the  floats: 

8.  r  ss— — 9  and  the  angle  ^i 


COB.  § 


9.  8in.  }  t  ■■  \/ca9.  f,  and  lastly  the  length  of  the  water  are, 

10.  (»2xa-^t  + 


t  +jwn.  p\ 
8 


\/-^.' 


and  from  this  the  accvrste  value  of 

"•*         i*+    8 )qq 


Even  after  these  values  have  been  found,  the  calculations  may  be 
repeated  on  the  more  accurate  foundations. 

Exanqkk.  It  is  required  to  ascertain  the  general  proportions  of  a  Poncelet  undershot 
wheel.  Giveny  the  height  of  fall  4,5  feet,  the  quantity  of  water  40  cubic  feet  per  second. 
If  we  make  the  radius  a  ss 2A as  9  feet,  and  allow  the  thickness  of  the  stream  d^m^^ 

A  BB  0,75  feet,  and  further,  /u  a:  0,90,  then  the  Tekxiity  of  discharge  c  ^  0,9  v^g  (A  —  </,) 
bb0,9  X  8,02  ^,75 ■■7,218  X  I>936  X  14  feet;  and,  therefore,  die  velocity  of  the 
wheel,  as  also  the  initial  velocity  of  the  water,  is  approximately  0Ksf|aBjc=87  feeL 
Hence  the  depth  of  shrouding  is,  nearly, 

5+* 


i  =  i. 


■  i  .  3,04  +  0,75  SB  1,51  feet,  and  the  arc  x  a 


1,61 


38,2+^ 

SB  0,24,  and  the  angle  x®  corresponding  ss  14^,  for  which,  however,  we  shall  take  15^. 
If  we  now  introduce  this  value  of  ^,  we  get,  more  accurately,  v^^  c  cos.  ^■s7  cos.  15^ 


,7,17.  Itfo»ows,there- 


3U  o 

SB  6,762  feet,  and  hence,  tlie  number  of  revolutions  «  ^ i 

V  a 

fcre,  that  ffl*<f.  1  =  2  runf.  »a2  .  0,26705  =  0,53390,  .m  =  28«  UV,  lod,  therefemi 
67,62 
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diameter.  It  was  of  wood,  had  20  floats,  about  ^  of  an  inch  thick, 
2}  inches  deep,  and  8  inches  wide.  The  jrreatest  effects  were  pro- 
duced when  the  Telocity  of  the  wheel  ■■  0,5  that  of  the  water,  as 
indicated  by  theory,  and  then  the  efficiency  was  0,42  to  0,56,  the 
former  when  the  water  stream  was  kept  thin,  the  latter  when  this 
was  increased,  or  the  cells  of  the  wheel  better  filled.  Reckoning 
the  efficiency  by  the  height  dae  to  the  Telocity  of  the  water,  and  not 
by  the  actual  fall,  the  effect  rises  to  0,65  to  0,72. 

Poncelet  afterwards  experimented  on  a  water  wheel  erected  on  his 
principle,  measuring  the  effect  by  means  of  a  friction  brake,  and  the 
results  are  Tery  much  the  same  as  those  obtained  from  the  model. 
The  wheel  was  11  feet  in  diameter,  and  had  80  plate-iron  floats  of 
I  inch  thickness.  The  shroudings,  arms,  and  axle  of  the  wheel 
were  of  wood.  The  shrouding  was  14  inches  deep,  and  ft  iaehes 
thick,  the  distance  between  them,  or  width  of  the  wheel,  28  inchei* 
For  a  mean  head  of  4'  —  4'',  and  8  inches  depth  of  water  stream, 
the  ratio  of  the  Telocities  being  0,52,  the  efficiency  came  to  0,52, 
which  giTes  0,60,  when  the  height  due  to  the  Telocity,  instead  of 
the  total  fall,  is  made  the  basis  of  calculation.  Poncelet  makes  the 
following  deductions  from  his  series  of  experiments. 

The  best  Telocity  ratio  -  is  0,55  ;*  but  this  may  Tary  between 
c 

0,50  and  0,60  without  material  diminution  of  the  useful  effect.    For 

falls  of  6'  —  6"  to  V  —  6",  the  efficiency  n  =  0,5,  for  falls  of  5  feet 

to  6'  —  6'',  the  efficiency  ly »  0,55,  and  for  falls  of  less  than  5  feet 

I, «  0,60. 

The  useful  effect  may,  therefore,  be  represented,  in  the  first  case, 
bT: 

Pv  mm  0,96  {e  —  v)v  Q  ft.  lbs.,  in  the  second : 
Fv  «  1,06  {e  —  vS  V  Qft.  lbs.,  and  in  the  third  : 
Pv  —  1,15  le  —  v)vQtt.  lbs. 

Poncelet  giTes  the  following  general  rules  for  the  construction 
and  arrangement  of  his  wheels,  deduced  from  his  experiments.  The 
distance  between  2  floats,  at  their  outer  extremity,  should  not  ex- 
ceed 8  to  10  inches,  and  the  radius  of  the  wheel  should  not  be  less 
than  8'  — 4"  (1  metre),  nor  more  than  8'  — 2"  (2 J  metres).  The 
axis  of  the  water  stream  should  meet  the  peripherT  of  the  wheel  at 
an  angle  of  24^  to  30^,  and  be  inclined  about  3^  to  the  horizon. 
The  offset  at  the  end  of  the  curb  should  be  sufficient  to  insure  the 
water's  free  escape  from  the  wheel,  and  the  space  left  between  the 
wheel  and  the  curb  would  not  exceed  |  inch. 

According  to  the  experiments,  the  efficiency  increases  with  the 
depth  of  the  water  stream  laid  on,  and,  therefore,  caeteria  paribu9y 
as  the  filling  of  the  cells.  Further  experiments  proTC  that  the  degree 
of  filling  of  the  cells  is  an  important  element  in  the  question. 

§  124.  Recent  Experiments. — Morin  has  quite  recently  instituted 

*  [This  is  the  same  ratio  as  that  found  by  the  Committee  of  the  Franklin  Institute  for 
the  velocity  of  an  OTershot  wheel  with  elbow  buckeu. — ^Am.  Ed.] 
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Fig.  233. 


Gxperiments  with  three  wooden  and  one  iron  wheel,  oonstmcted  on 
Poncelet's  principle,  asins  the  friction-brake.  They  were  made  with 
the  special  object  of  testing  the  advantages  of  a  cnrvilinear  coarse 
for  laying  on  the  water,  proposed  by  M.  roncelet ;  as  also  for  the 
purpose  of  getting  more  exact  information  as  to  the  influence  of  the 
relative  dimensions  of  the  wheels,  for  in  several  wheels  that  have 
been  erected  according  to  Poncelet's  rule,  it  is  found  that,  when  the 
deviation  from  the  mean  velocity  is  considerable,  the  water  overruns 
the  floats.  (See  Comptea  BendtUj  1845,  t.  xxii.)  As  to  the  curved 
water  course,  its  object  was  to  lay  the  whole  of 
the  water  on  to  the  wheel  without  impact,  and 
not  the  top  or  bottom  stratum  only.  When 
the  water  stream  is  straight  ABED^  Fig.  233, 
the  upper  layer  of  water  DE  meets  the  peri- 
phery of  the  wheel,  as  also  the  float,  at  a  dif- 
ferent angle  from  that  at  which  the  lower 
stratum  does;  so  that  if  one  enters  without 
impact,  the  other  cannot  do  so.  .  If,  however, 
we  hollow  out  the  bottom  of  the  course  as  AOB^  the  water  stream 
comes  upon  a  smaller  arc  BK^  and  the  difierence  in  the  direction 
of  the  periphery  of  the  wheel  and  the  layers  of  water  is  less,  and, 
therefore,  the  impact  is  less  than  when  the  water  stream  embraces 
the  arc  BE. 

The  three  wooden  wheels  were  respectively  5'  —  3",  8'  —  3",  and 
10'  —  3"  in  diameter.  The  diameter  of  the  iron  wheel  was  9'  —  8". 
The  buckets  were  of  sheet  iron.  The  first  three  wheels  were  16 
inches  wide,  and  the  other  was  32  inches.  The  depth  of  shrouding 
was  30  inches.  It  was  found  that  wooden  wheels,  having  very  little 
inertia,  moved  unsteadily,  and  hence  arose  a  loss  of  water.  The 
smallest  wheel  revolved  very  unsteadily,  and  for  a  fall  of  18  to  22 
inches,  the  cells  being  at  least  half  filled,  the  efficiency  was  0,485. 
Had  the  weight  of  the  wheel  been  greater,  its  efficiency  would  pro- 


i..- 0,871  (^•)«, 


Iso,  that  th©  best  velocity  ratio  -  »  0,5  to  0,55.     That  the  same 


effect  IB  produced,  whether  the  water  in  the  race  be  5  inches  below, 
or  8  to  10  inches  above  tbe  bottom  of  the  wheel — that  the  efEciency 
fttlla  aa  low  as  0,40,  if  the  wheel  be  io  back-water  to  the  depth  of 
half  the  depth  of  the  ehrouding.  The  main  advantage  of  the  new 
form  of  lead  is,  that  the  wheel  may  vary  ita  veloeity  of  rotation 
within  wider  lira  ita,  without  material  diminution  of  the  efficiency. 
Morin  considers  that,  for  falls  of  3  feet  to  4  feet,  a  breadth  of  shroud- 
ing equal  to  the  half  of  the  radius  is  a  good  proportion  to  adopt, 
and  that  the  capacity  of  the  wheel  should  be  double  that  corre- 
sponding to  the  water  to  be  laid  ouj  t,  «.,  the  co-efficient  of  filling 


dev 


should  be  made  =  |.* 


Remark.  It  wo^jld  ltiu>  appear  that  the  caput? i*y  of  ibe  wheel  treated  in  our  last  €X- 
atnple  ia  too  ftmaJli  and  tliat  ii  wot* Id  bave  been  belter  to  have  made  rf,  ^  0^5  fe«t,  and 
rssSJl  feet. 

§  125*  Small  WlieeU^  —  Some  other  vertical  water  wheels  have 
been  applied,  besides  the  systems  we  have  now  discussed.  Very 
small  wheels  of  2  or  3  feet  diameter,  are  moved  by  the  pressure  or 
impact  of  water, 

D^Aubuisson  describes,  in  his  "  Hydra ulique,"  small  impact  wheela 
ACB,  Fig,  234,  with  falls  of  6  to  7 
metres,    often  to  be  met  with  in   the  Fig.  aw. 

Pyrenees.     These  wheels  are  from  7  I^B 

to  10  feet  in  diameter,  and  have  24 
hollowed  floats.  Their  effect  is  about 
,73  of  that  of  an  overshot  wheel  of  the 
same  falL  The  effect  of  such  a  wheel 
may  be  calculated  by  the  theory  of 
breast  wheela  above  given,  for  these 
wheels  are  nothing  more  than  breast 
wheels  with  a  great  impact  fall  and 
small  height,  during  which  the  water 
can  act  by  its  weight.  To  prevent  the 
spilling  of  the  water,  the  wheels  are  hung  Fig.  235, 

in  a  curb  with  elose-fltting  sides.  Such 
wheels  may  be  very  neatly  made  of  iron, 
and  are  to  he  found  in  North  Wales, 
This  kind  of  wheel  is  very  commonly  em- 
ployed at  the  forges  in  the  Alps, 

Fig.  235  represents  a  wheel  erected  by 
Mr.  Mary,  and  described  in  the  "Tech- 


•  (ITiP  Committee  of  the  Frantlia  Institute  triod  eutved,  oblique,  and  elbow  biieket* 
fneciBiiively  on  the  same  whe«l.  They  foo*id  the  laiio  of  pfleci  to  power  for  \hb  citrved 
Imrkeis  nt-Wljr  eqiai  lo  ibat  foe  elbow  bucket*,  wliile  in  rofe rence  to  tbe  velodiy  of  Uie 
wheel  they  are  much  inferior.  Elbow  buckets  gave  6.6 ^  curved  4.2,  and  oblique  3 J 
Jecl  per  Msoond  velocity  of  wheel. — Am.  Ec] 
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nologiste,  Sept.,  1845/'  The  water  here  works  chiefly  by  pressure. 
Belanger  experimented  with  the  wheel,  and  reported  an  efficiency 
of  0,75  to  0,85  for  a  velocity  of  4  feet  per  second.  The  wheel  con- 
sists of  a  shr&uding  of  plate  iron,  18  inches  wide  and  5  inches  deep, 
and  7' — 6''  in  diameter,  and  having  six  elliptical  floats  strengthened 
by  ribs. 

The  curb  is  made  to  fit  very  accurately,  and  sheet  iron  fenders, 
fitting  close  to  the  wheel,  prevent  the  water  in  the  lead  from  escap- 
ing into  the  race.  The  power  with  which  such  a  wheel  revolves,  is, 
of  course,  the  product  of  the  weight  of  water,  measured  by  the  dif- 
ference of  level  in  the  lead  and  in  the  race,  by  the  area  of  the  float 

liUratmn,  The  literature  treating  of  vertical  water  wheels  it  TeryeztentiTe;  bat  tbeie 
are  few  works  upon  the  sobject  worthy  of  moch  attention,  as  the  most  of  them  gifs 
▼ery  superficial  and  even  erroneous  views  of  the  theory  of  these  wheels.  Ejrtelwein, 
in  his  "  Hydraulik,"  treats  very  generally  of  water  wheels.  Gerstner,  in  his  **  Mechaoik,** 
treats  very  fully  of  undershot  wheels.  LangedorTs  **  Hydiaulik**  contains  little  on  this 
subject  D'Aubuisson,  in  his  work  **  Hydraulique  4  rusage  des  Ingfoienrs,**  treats  very 
fully  of  overshot  wheels.  Navier  treats  water  wheels  in  detail  in  his  **  Le9on8,"  and  in 
his  edition  of  **  Belidor's  Architecture  Hydmuliqne.*'  In  Poncelet's  **  Coors  de  Affeanique 
appliqu^-'  the  theory  of  water  wheels  is  briefly,  but  very  clearly,  set  forth.  In  the 
**  Treatise  on  the  Manufactures  and  Machinery  of  Great  Britain,"  P.  Barlow  has  given 
details  on  the  eoNSftudtofi  of  water  wheels,  but  has  not  entered  into  the  theory  of  th«ar 
oliiects,  &c.  Very  complete  drawings  and  descriptions  of  good  wheels  are  giv<tn  in 
Armengaud^s  *'Trait6  pratique  de  Moteurs  hydrauliques  et  4  vapeur.*'  Nioholaoo's 
^  Practical  Mechanic,"'  contains  some  useful  information  on  this  subject  The  roost  com' 
plete  work  hitherto  published  on  vertical  water  wheels  is  Redtenbecher's  **Tbeorie  and 
Ban  der  Wasserrilder,  Manheim,  1846."  Poncelet's  and  Morin's  Memoirs  have  been 
already  cited. 

[The  experiments  of  the  Franklin  Institute  are  contained  in  the  Journal  of  that  insti- 
tution for  1831-2  (vols.  7,  8,  &  9),  and  for  1841.  In  the  last-mentioned  volume,  the 
discussion  of  the  results  is  commenced,  but  has  not  yet  been  completed.  The  com- 
mittee, as  originally  constituted,  does  not  appear  to  have  given  its  attention  to  the  appli- 
oatioo  of  mathematical  reasoning  to  the  observations  made  and  experiments  performed. 
Subsequent  European  experiments  have  consequently,  in  this  respect,  oceapied  the  i 
tion  of  physical  inquirers  to  the  exclusion  of  the  American.— Am.  £d.] 
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more  or  leas  tangentklly.  Pressure  wheels  and  reactiaii  wheels 
are  generally  very  similar  to  each  other  in  construction,  the  essen- 
tial aifference  between  them  being,  that  in  the  former  the  cells  or 
conduits  between  two  adjacent  buckets  are  not  filled  up  by  the  water 
flowing  through  them^  while  in  reaction  wheels  the  section  is  quite 
filled. 

According  to  the  different  directions  in  which  the  water  moves  in 
the  conduits  of  pressure  and  reaction  wheels,  two  systems  ariBe. 
The  relative  motion  of  the  water  in  the  conduits  is  either  horizontal, 
or  in  a  plane  inclined  to  the  horiion,  and  usually  vertical. 

In  the  first  system,  there  are  to  he  distinguished  those  wheels  in 
whieh  the  water  flows  from  the  interior  to  the  exterior^  and  those  in 
which  the  water  takes  the  opposite  course;  and  in  the  second  system^ 
there  are  the  distinct  cases  of  the  w^ater  flowing  from  above  down- 
wards, and  that  in  which  it  flows  from  below  upwards. 

Horizontal  water  wheels  in  which  the  water  flows  from  above 
downwards,  are  often  named  Dan^ldeB. 

I  127.  Impa&t  Wheels^ — Impaet  turbin^g^  as  shown  in  Fig,  23H, 
are  the  simplest,  but  also  the  least  efficient  form  of  impact  wheels. 
They  consist  of  16  to  20  rectangular  floats  AB^  ^i^Bu  ^c,  so  set 
upon  the  wheel  as  to  incline  oO°  to  70^  to  the  horizon.  The  water 
is  laid  on  to  them  by  a  pyramidal  trough  JSF^  inclined  from  40^  to 
20®,  BO  that  the  water  impinges  nearly  at  right  angles  to  the  floats* 
Such  wheels  are  employed  for  falls  of  from  10  to  20  feet,  when  a 


Fig.  236. 


Fig.  237. 


great  number  of  revolutions  is  desired,  and  when  simplicity  of  con- 
struction is  a  greater  desideratum  than  efficiency.  Wheels  of  tbi» 
form  are  met  with  in  all  mountainous  countries  of  Europe,  and  in 
the  north  of  Africa,  applied  as  mills  for  grinding  corn.  They  are 
made  from  3  to  5  feet  in  diameter,  the  buckets  bemg  about  15  inches 
deep,  and  8  to  10  inches  long. 

The  mechanical  effect  of  these  wheels  is  determined  according  to 
the  theory  of  the  impact  of  water,  as  follows.  The  velocity  Ac  =  c. 
Fig.  237,  of  the  water  impinging^  and  the  velocity  Av  =  u  of  the 
buckets  may  be  each  decomposed  into  two  yeloeities  expreasod  hy 

[     the  formulas 

Bk       voii.  n. — 20 


d  being  the  angle  c  AN^  bj  which  the  direction  Ac  of  the  stre&m 
of  water  deviates  from  the  normal  AN^  and  a  the  angle  HAN  mi 
which  the  normal  is  inclined  to  the  horizon,  or  by  which  the  direc- 
tion of  the  wheel's  motion  deviates  from  the  normal,  or  the  plane 
of  the  bucket  from  the  vertical.  The  component  velocity  €^  =  c 
»in*  a,  remains  unchanged,  as  its  direction  coincides  with  that  of 
the  plane  of  the  bucket  j  the  component  c^^  c  cos.  «,  is,  on  the  other 
band,  changed  by  impact  into  v^  =»  v  cos.  a^  as  the  bucket  moves 
away  in  the  direction  of  the  perpendicular  with  this  velocity*  The 
water,  therefore,  loses  by  impact  a  velocity 


and  the  corresponding  loss  of  effect 


fl  —  V  COS.  a, 

(c  ms*  a  — vcos.  of  Q 
2«,  "' 


If, 


nov,  ve  deduct  from  the  whole  available  mechanical  effect  ^^  Q  r» 

the  above,  and  further,  the  efoet,  (<^<">»- «— ^'^o'- »)'  q     ^nd 

/ — «n^ — -t — eog.  a  \  Q^^  which  the  water  flowing  away  with  the 

velocity  w  ==  ^c^sin*  **  +  v*  cm,  a\  retains,  the  mechanical  effect 
communicated  by  the  wheel  is 

£  =  Pr  ^  [c^—(€  C09.  h  —  vcoi,  <*)*  — (ir*  nn.  d*  +  tf*  cos,  a*)]  ^ 

(C  COS-  « V  COS.  «)  P  COS.  o       ^ 

ss  i i — L ,   Q  y. 

To  get  the  maximum  effect^  we  must  make  cos.  ft  «  1,  or  d  =  0, 
or  direct  the  stream  at  right  angles  to  the  bucket,  and  besides  this, 
as  in  other  similar  cases  already  treated,  we  must  make  v  cos.  « 

^  The 


=  i  <?,  or  u 


maximum    effect    corresponding,  is 


2  cm,  a 

Pi?  »  i  TT-  Q  y  =  i  A  Q  y,  or  the  half  of  the  entire  mechamcml  effect 
available. 


§  128, 


Fig.  S38. 


The  effect  of  impact  wheels  is  increased  by  surrounding 
the  buckets  with  a  projecting  border  or 
frame,  or  by  forming  them  like  spoons, 
as  shown  in  Fig,  238,  VoL  I.  §  886 
explains  the  cause  of  this  increased 
effect,  but  we  may  here  determine  the 
amount  of  this  increase.  As  the  bucket 
moves  in  the  direction  of  the  stream 
with  the  velocity  v^  =  v  cos.  o,  the  rela- 
tive velocity  of  the  water  in  reference 
to  the  bucket  may  be  put: 

C^^  e  —  !'t  =  C  —  V  COS.  a, 

and  if  ^  —  the  angle  c,  0  c,  by  which 
the  water  is  turned  aside  from  its  ori- 


4 
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ginal  direction,  the  abaohte  velocity  of  the  water  flowing  off: 


Fij^.  239. 


=   %/((? V  COS,  a)*  -f  t?*  €09,  a'  +  2  (^ — V  COS,  a)  V  €09.  a  C<?«.  ^5 

and  hence,  the  corresponding  loaa  of  effect: 

■-  [c* —  2{e  —  V  cm.  *)  v  cat,  »  (1  —  €o$,  ji)]  ^1^ 
and  the  effect  of  the  wheel: 

\     2g     /  g 

When  the  buckets  are  plane,  fi  =  90^,  ,%  eoi.  ^  =  0,  aad,  there- 
fore 

^  ^- — '  Hty 

as  we  have  already  found,  though  by  an  entirely  different  method 
of  inquiry.  In  the  case  of  hollow  buckets,  ^  is  greater  than  90*^, 
and,  therefore,  cow*  ^  is  negative,  and  hence  1  —  cob*  ^  is  greater 
than  1,  consequently  the  effect  ia  greater  than 
in  plane  buckets. 

To  this  class  of  wheels  belong  those  termed 
in  France  rousts  volants^  upon  the  effect  of 
which  MM-  Piobert  and  Tardy  have  recorded 
experiments  in  a  work  entitled  *' Experiences 
sur  les  Roues  bydrauliques  a  axe  vertical,  &c., 
Paris^  1840/'  The  following  are  results  of  ex- 
periments  on  a  small  wheel  of  5  feet  diameter, 
8  Inches  high,  having  20  curved  buckets.  Fig, 
239,  with  a  fall  of  14  feet  (measuring  from  surface  of  water  in  lead 
to  bottom  of  wheel )^  and  with  10  cubic  feet  of  water  per  second; 

For  !^=  0,72,  •:=.  0,16; 
«  E- 0,66,  ,  =  0,31; 

**£«  0,56,  ^  =  0,40; 

e 

and  hence^  in  cases  in  which  the  velocity  ratio  -  does  not  much  differ 


from  0,6 :  Pv  =  0,75  {c —  v  mn.  o) 


V  a^s.  « 


ff 


<?l 


£nufff?k  What  eflbct  may  be  expected  from  an  impset  turbino  with  hdllow  buckeu 
(F^.  239^.  Ihera  being  6  cubic  feet  of  waier,  and  a  fall  of  1<)  feet  at  di^poiitbo  !  If  we 
neglect  the  Jcpth  of  the  wheel  iUeUt  the  theoretical  vbIocit/  of  etiirance  of  the  water 
t^^/2gh^Hjij2  ^JQ  ^  3^,08  feet,  atid  if  th«  iocLnailoD  of  the  trougb  be  oasumeil  aa 

c  10,04 


20*^  the  mott  advimta^'eoua  velocity  iar  ^«  wheel  v  ^  — 

2  ( 
and  henc?,  from  the  above  formula^  the  eOect  attainabla  ia 


. .        am.  aO» 


,  »  17    feet 


Q3.  =  i  ,  031  ,  (&12,09—  15,96')  .6  ,  62,5=1,023 


:  2^7 A  .  37S  »  2220  fe«t  Ibl. 
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1 129*  Impact  and  Reaction  WKmU, — If  t?©  give  the  buckets 
greater  length,  and  form  them  to  such  a  hoIloTr  curve,  that  the  water 
leaves  the  wheel  in  a  nearly  horis&ontal  direction,  the  water  then  not 
only  impinges  on  the  bucket,  but  exerts  a  pressure  on  it,  andj  there- 
fore, the  effect  of  the  wheel 
i^»»f  2^0,  ia  greater  than  in  th@  im- 

pact wheel*  The  theory  of 
such  wheels  is  merely  an 
extension  of  that  given  in 
§  127,  If  we  conceive  a 
normal  erected  at  the  point 
of  entrance  j4,  Fig.  240, 
and  if  we  again  put  the 
angle  c  AN  ^  «,  and  the 
angle  v  AN^n^^  we  have 
the  lost  velocity  arising 
from  impact : 
=  c  cog.  h  —  V  COB,  tt,  and  the  loss  of  effect  corresponding 
*  —  eo§,  a)^ 


4 


«(l 


«r< 


The  velocity  with  which  the  water  begins  to  flow  down  the  buckets 
IS  t\  +  ^\^^c  %in.  a  +  ts  #m*  a,  and  if  we  put  the  height  Bff^  through 
which  the  water  descends  on  the  bucket  =  Aj,  we  have  the  relative 

velocity  of  the  water  at  the  bottom  B  of  the  bucke^: 

c^^^{e,  +  e^f  +  2ffh,=  y^{c»in.i  +  vsm.f^f^2gh,. 
But  the  water  posaessea  the  velocity  v  in  common  with  the  wheel, 
HTid,  therefore,  the  absolute  velocity  of  the  water  flowing  from  the 
wheel :  w  =  ^c/  +  v*  —  2  c^v  eog,  e,  where  e  =  the  angle  c^BO^  at 
wliich  the  lowest  element  of  the  bucket  is  inclined  to  the  horizon. 
The  loss  of  effect  corresponding  to  thia  is : 

fC*  +  V^ 2c^V  C09,  0  ^ 


2a  ^^ 


2^ 


^)«r- 


If  we  deduct  these  two  losses  from  the  whole  available  effect,  we  get 
the  useful  effect  communicated  to  the  wheel  r 

L=Pv^\f~ {c COS.  B  —  v co$, lif  —  (c/+  tf*  —  2  c^ V  €09.  e)] -^, 

in  which  we  have  to  substitute  for  c^  the  value  above  given. 

If  the  water  impinges  at  right  angles  I  =  0,  and 
c^=  y/^  »in.  a^  H~  2^Aj5  and,  therefore, 
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ftill  dead  from  the  wheel,  or  w  should  =  0.     This  requires  that  e=  0, 
Iftnd  c^  —  I?,  i.  €.,  f^  «ft-  «^  +  2^Aj  ^  t?*, .% 


^^Mi 


i COS. 

I  130.  Presmre  Wh$eh. — If  the  water  is  to  be  laid  on  without 
^^impact,  then  i^  cos.  «  must  =  c  com,  *,  and  in  order  that  the  water 
^Hinay  quit  the  wheel,  deprived  of  its  via  tma^  we  must  have ;  e  »  0, 

and  c^ «  v^  L  e.  (e  tin,  a  +  v  sin,  af  +  2gh^  =  v\  or  c*  ttn,  a'  + 
^H  2  €?  r  «n.  a  gin.  a  +  2^Aj  »  v"  ^o«.  a'  —  c^  <?c>#.  a^  If,  again,  we  sub* 
^P  tract  from  hoth  sidls  i  *2  c  v  cos.  a<?o«-  8  =  2  c'  e<J«<  a',  then :  e*  tin.  a^ 

—  2  €  V  {€09.  a  co«,  a  —  sin.  &  #m.  a)  +  2ffh^  ^  —  er"  co».  a*j  or  <?*  + 

2^A|  =  2  £;  1^  cos,  (a  +  a),  and,  therefore, 
!  „  «.      ^  +  2gA^       ^  g  (A  +  A,)^ 

2  C  €?€?*.   (d  +  a)  <:  €08.  f 

m  which  A  is  the  velocity  of  the  water  at  entrance,  and,  therefore, 

A  +  A^  the  whole  fall,  f  is  the  angle  c  Av  between  the  direction  of 

the  water  and  that  of  the  wheeL     The  theoretical  effect  is^  in  the 

latter  caaej^  (A  +  A  J  Qy,  and  the 
^       efficiency  *?  ^  1,  because  there  is  Fig.S4i. 

I       no  loss  from  any  cause.    When,  for 
[       such  a  wheelj  the  best  velocity  of 

rotation  v  has  been  found j  we  get 

the  requisite  position  of  the  buckets 
^_  by  drawing  through  the  point  of 
^■entrance  A^  Fig.  241,  a  line  paral* 
^^lel  to  V  (?,  completing  the  parallelo* 

gram  Avce^.     The  side  A  Cj,  thus 

given^  gives  the  relative  velocity  c^^ 

with  which  water  begins  to  descend  along  the  bucket,  in  magnitude 

and  direction,  and  also  the  direction  of  the  upper  element  of  the 
^       bucket* 

That  the  water  may  flow  unimpeded  through  the  openings  -Bfij, 

Pftc-T  the  foot  of  the  buckets  must  have  a  slight  inclination  to  the 
liorizon.  If  we  put  the  mean  radius  of  the  wheel  =  ff,  and  the  mean 
length  of  the  buckets^  measured  on  the  radius,  =  ?,  we  may  put  the 
section  of  the  orifice  of  discharge  =  BN .  /  =  £B^  sin.  e  ♦  /,  and, 
therefore,  the  section  of  the  united  orifices  of  the  wheel  ^  2  h  al 
mi,  ©.  If,  again,  c^  ^  the  relative  velocity  with  which  the  water 
arrives  at  the  bottom  of  the  wheel,  or,  if 

^^  ^  y^  —  2cv  COS.  t  +  2ffh^, 

Fwe  have  Zxa  I  sin*  @  =»  ^4  a^i^t  therefore,  for  the  requisite  angle 


^ttn.  e  I 


2k  alc^ 


Memark.  Accord mg  to  the  ihcory  of  ibe  impact  of  water*  or  of  hydfatdic  prfmtrt,  ei- 
pounded  in  o«f  first  volume^  it  is  not  neceasary  that  i?  roi.  *  ^  f  cos.  >,  or^  whidi  ainoimn 
to  the  same^  thai  the  Domponeot  c,  of  the  vetoch/t  should  Mi  in  the  direction  of  the 
bucket.  AoeortlJng  to  Vol  t  §  43,  die  relative  velocity  e,  of  the  wmer  in  reference  to 
the  bucket  AB^  Fig.  242,  it  liie  diagooai  of  the  paraUelof  ram  coiismwied  from  the  ab^o- 

20* 
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Ittlo  Tdodty  of  ihe  wnti^r  c,  and  the  velocity^  of  the  wtieel  %  taken  in  tbe  oppc»tt«  dmy 

tkm  j  there  fore,  f,  =  ^t*  -f-*^  —  2cgco£^.  If,  now*  the  direction^  but  not  the  magnitude* 
pf  this  velocity  be  changed  by  the  ishock  on  the  buckei,  we  have  the  relative  Telocity 
nt  discharge^  after  descent  through  the  height 

Bit  ^  An  t^  =  \/^'  +  'igA|  =  v^c*+  tj*  —  2  f  v  cm.  f  +  2gk^ :  la^Hjr,  that  the  whole  effect 
may  be  taken  up  from  the  wuter^  we  have  to  make : 

f .  ^  ti,  or  c*  +  «?  —  2  r  V  mt.  f  -I-  2/rA ,  s=  H*,  therefore^ 

§  131.  Borda'»  Turbine. — The  wheels  discussed  in  the  last  para- 
graph, are  called  Borda's  turbines,  from  their  having  been  the  sug- 
gestion of  that  dtatinguiBbed  officer  and  philosopher.     Their  con- 


Bg.  24% 


Fig-  243, 


c 


I  _ 

sirDCtion  is  shown  by  Fig.  243,  which  is  a  sketch  of  one  driving  6 
amalgaination  barrebj  at  the  silver  mines  of  Huelgoat  in  Brittany. 
The  curved  buckets  arc  aomposed  of  three  beech  boards  pot  care- 
fully togetherj  and  the  inner  and  outer  casings  are  composed  of 
staves,  the  outer  one  being  bound  by  two  iron  hoops.  The  diameter 
of  the  wheel  is  5  feet.  The  buckets  14  inches  long  or  deep^  and 
16i  inches  wide.  There  are  20  of  them.  The  fall  was  16'  — 3", 
and  tbe  wheel  makes  40  revolutions  per  minute. 

There  are  no  good  experiments  on  the  efficiency  of  Borda's  tur- 
bines.  Borda  gives  0,75  of  the  theoretical  effect  aa  the  useful 
effect,  or  i  =  0,75  .  [A  -|-  h^  —  {c  cob,  3  —  v  co$,  mf  —  «^]  Q  y, 
Poncelet  very  justly  remarks  that  it  is  advisable  to  make  the  diame- 
ter and  the  height  of  tlie  wheels  as  great  as  possible,  eo  as  to  curtail 
the  length  of  bucketj  that  is,  bringing  the  outer  and  inner  casings 
near  to  each  other.  By  giving  height  to  the  wheel,  the  fall  due  to 
the  velocity  is  diminished,  and,  therefore,  the  velocity  of  the  water 
and  of  the  wheel  is  less.  By  keeping  the  diameter  great,  the 
number  of  revolutions  falls  out  leas,  and  as  for  a  larger  wheel,  the 
capacity  remaining  the  same,  the  width  of  the  wheel  may  be  less, 
and  then  the  difference  of  velocity  of  the  particles  of  water  adjacent 
to  each  other  will  be  less- 

Exampk,  What  quantity  of  water  muBt  be  supplied  to  a  Borda^i  turbine,  oonftrocied 
ap  shown  in  Fig,  243,  which^  witii  a  full  of  J  5  feet,  if  to  drive  a  pair  of  milittonet  le^ 
quiriflg  2  horse  power?  Suppose  the  wheel  lo  be  if  feet  high,  then  the  tbcofetknl 
velocity  of  entTBDce  of  the  water : 

c  =  8,02  ^15—1,75  =  8,02  ^l3^  =  21>,19  feet, 
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If  the  water  be  laid  on  at  an  angle  of  30^  to  the  horizon,  tlien  the  least  velocity  of  rota* 
tion  is :  V  SB  ^^^+*'^  =.  — 32,2  X  15       ^  jg  j      jf  ^j^^  ^^^^^  ^^^^  without  shock, 

ceor#  29,19  Xc««-3U^ 

the  velocity  with  which  it  begins  iu  descent  along  the  backet  is  : 


r,s=:v^e»+t^  — 2  f»cot.f  =  v^r»+ i^  —  c»  —  2g*,=yV—2gA,=«  15,88  feet  For  the 
angle  ^  at  which  the  upper  element  of  the  buckets  must  incline  to  the  horizon,  we  have : 

!!:?li  s:  L.-.  fin.  4  a  r^^  fill.  30«  10,9189 .-.  +  =  66«,  46'.  If  we  give  the  bottom  of 
$in,f      c,  I6,b8  .  Y  .  B 

the  bucket  an  inclination  of  25®  to  the  horizon,  we  get  for  the  absolute  velocity  of  the 

water  flowing  away : 

t0s=2  0  fin.  -  s 2  .  19,1  fin.  12i<»  a.  8,2  ft, 

and,  hence,  the  effect : 

X=|  (^h+  A.  -'^)  QyiJ  (l5-|^*)  •  62,5  Q  =  654  Q. 

Tliat  we  may  have  2  horse  power,  or  1 100  feet  pounds  per  second,  we  mast  have  . 

=s  1,7  cubic  feet  of  water  per  second.  If  the  mean  radius  (mensured  to  the  centre  of 
the  bucket?)  of  the  wheel  be  2  feet,  and  if  the  water  space  be  6  inches  wide,  we  get 
the  united  areas  of  section  of  the  orifices  of  discharge  at  the  bottom  of  the  wheel 
=s  2  ir  a  /  fin.  e  ss  ir  .  4  .  i  fin.  25®  s=  2,65  square  feet,  which  it  quite  suflkdent  to  pass 
1,7  cubic  feet  of  water  per  second,  with  a  velocity  of  19  feet. 

§132.  Jtoues  en  Cures. — To  this  category  of  turbines  belong 
those  horizontal  wheels  enclosed  in  a  pit  or  well,  frequently  met 
with  in  the  south  of  France,  and  called  nmes  en  euves  (Ger.  Kirfen- 
rader).  They  are  described  by  Belidor  in  the  "  Architecture  Hy- 
drauhque,"  by  D'Aubuisson  in  his  ^'  Hydraulique,"  and  Piobert  and 
Tardy,  in  the  work  already  cited,  have  given  the  results  of  experi- 
ments instituted  on  one  of  these  wheels.  These  wheels  are  very 
similar  in  form  to  those  last  described  (Fig.  239).  They  are  gene- 
rally 1  metre  in  diameter,  and  have  9  curved  buckets.  They  are 
made  of  only  two  pieces,  and  are  bound  together  by  iron  hoops. 
The  axis  CI)  (Fig.  244)  stands  on  a  pivot, 
the  footstep  6f  which  is  on  a  lever  (70,  by  Fig-  244. 

which  the  wheel  may  be  raised  and  lowered 
as  the  millstone  may  require.  The  wheel  is 
near  the  bottom  of  a  well,  2  metres  deep,  and 
1,02  metres  in  diameter.  The  water  comes 
into  the  well  by  a  lead  laid  tangentially  to  it, 
about  IS  feet  long,  the  breadth  at  the  outer 
extremity  being  2'  —  6",  and  at  the  entrance 
to  the  well  about  10  inches.  The  water  flows 
in  with  a  great  velocity,  acquires  a  rotary 
motion  in  the  wheel  chamber,  and  acts  by 
impact  and  pressure  on  the  wheel  buckets, 
flowing  through  it  into  the  tail-race.  There  is  evidently  a  great  loss 
of  water  in  such  wheels,  and  their  efficiency  is  consequently  small. 
Piobert  and  Tardy  found  an  efficiency  of  0,27  for  a  well  wheel  at 
Toulouse,  the  fall  being  10  feet,  with  13  J  cubic  feet  of  water  per 
second,  and  the  number  of  revolutions  u  =  100.  For  u  =  120,  the 
efficiency  fj  was  =  0,22,  and  for  u  =  133,  fj  =  0,15.  The  wheels  of 
the  Basacle  mill,  at  Toulouse,  give  an  efficiency  of  0,18. 
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D^Aubuiaaon  mentiotia  that  wheels  of  this  kind  have  been  erected 
recently,  the  wheel  being  put  immediately  under  the  bottom,  and 
made  of  somewhat  greater  diameter  than  the  well.  The  pyramidal 
trough  for  laying  on  the  water  is  much  shortened,  and  by  these 
means  the  efficiency  has  been  raised  to  0,25.  These  wheels  are^ 
therefore^  at  beat,  inferior  to  the  impact  wheels  already  treated  of. 

§  183,  Burdin's  Turbines, — M,  BurdiBj  a  French  engineer  of 
mines,  proposed  what  be  terms  a  **  turbine  k  Evacuation  alternative," 
They  are  the  best  wheels  of  the  category  now  under  examination. 
They  differ  from  Borda'a  wheels  only  in  this  essential,  namely,  that 
the  water  enters  them  at  various  points  simultaneously,  and  that  the 
orifices  of  discharge  are  distributed  over  3  concentric  rings.  This 
latter  arrangement  is  adopted,  that  the  water,  discharged  with  a 
small  absolute  velocity,  may  not  hinder  the  revolution  of  the  wheel. 

The  first  wheel  of  this  kind 
F^g-^'^^-  was  erected  by  Burdin  for  a 

mill  at  Pont-Giband,  and  it 
described  in  the  *' Annalea  des 
Mines,  in.  s^rie,  t,  ill/'  Fig, 
245  represents  a  plan  of  this 
wheeh  ABB  is  the  pen- 
trough  immediately  above  the 
wheel,  having  a  series  of  ori- 
fices EF in  the  bottom,  through 
which  the  water  is  laid  on  to 
the  wheel  with  a  slight  incU' 
nation.  The  wheel  revolving  on  the  a^tis  c  consists  of  a  series  of 
conduits,  the  entrances  to  which  make  together  the  annular  epace 
GBH^  which  moves  accurately  under  the  arc  EF  formed  by  the 
trough-openings,  eo  that  the  water  passed  unimpeded  from  the  one 
into  the  other.  Tbe  conduits  (Fr.  cQuloirB)  are  vertical  at  the  upper 
end  J  and  nearly  horizontal,  and  tangential  at  the  bottom.  The  lower 
ends  are  brought  into  three  distinct  rings,  so  that  the  third  of  the 
number  of  entrances  only  discharge  in  the  ring  vertically  under 
them  \  one-third,  as  K^  discharge  within^  the  others,  as  Xj  discharge 
outMih  this  ring. 

From  the  experiments  made  on  the  turbine  erected  at  Pont-Gibaud 
by  Burdin,  it  appears  that  for  3  cubic  feet  of  water  per  second^  and 
a  fall  of  10,35  feet,  the  efficiency  was  0,67.  ^  The  impact  turbine 
formerly  in  the  same  position  consumed  3  times  this  quantity  of 
water  to  produce  the  same  effect.  The  diameter  of  the  wheel  was 
4,6  feet,  and  the  depth  15  inches.     The  number  of  buckets  36. 

§  134.  Effect  of  Centrifugal  Farce,— In  the  turbines  hitherto  iindcr 
consideration,  the  water  moves  nearly,  if  not  exactly,  on  a  cylindri- 
cal surface,  and,  therefore,  each  element  of  water  retains  the  same 
relative  position  to  the  axis,  or  at  least  does  not  vary  it  much.  But 
we  have  now  to  consider  wheels,  in  which  the  water,  besides  &  ro- 
tary and  vertical  motion,  possesses  a  motion  inwards  or  outwards  in 
reference  to  the  axis,  and  more  or  hm  radiaL     The  peculiarity  of 


i 
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such  turbines  is,  that  their  motion  depends  on  the  centrifagal  force 
of  the  water,  so  that  they  might  be  termed  centrifagal  turbines. 
Before  entering  on  a  discussion  of  these  wheels,  it  will  be  well  to 
investigate  the  effect  of  the  water's  centrifagal  force,  when  its  motion 
is  in  a  spiral  line  round  a  centre,  or  when  the  motion  is  radial  and 
rotary  at  the  same  time.  The  centrifugal  force  of  a  body  of  the 
weight  (7,  revolving  at  a  distance  y,  with  an  angular  velocity  «», 

round  a  given  point,  is  I'  =  "^1^  (Vol.  L  §  231).     If  this  weight 

moves  also  a  small  distance  o  radially  outwards,  or  inwards,  then 
this  force  will  have  produced,  or  absorbed,  an  amount  of  mechanical 

effect  represented  by :  Fo^ ^ .     If,  then,  we  assume  that  the 

9 
motion  commences  in  the  centre  of  rotation,  and  continues  radially 
outwards,  so  that  ultimately  the  distance  of  the  weight  from  the  axis 
s=  r,  we  may  ascertain  the  mechanical  effect  produced  by  the  cen- 
trifugal force  by  substituting  in  the  last  formula  a  m  ^  y,  introducing 

n 

successively, however,-, — ,  —  ...  ->^,  and  uniting  the  mechanical 
n   n    n  n 

effects  resulting  by  summation.     Hence  the  mechanical  effect  in 

question  is : 

ng    \n       n        n  n/ 


n^g  n^g  2 

or,  as  we  must  assume  n  infinite: 

n'g       2        2ir  2g     ' 

when  V  is  the  velocity  of  rotation  « r  of  the  body  at  the  extreme 
point  of  its  motion.  As  this  mechanical  effect  is  produced  by  the 
centrifugal  force  when  the  motion  is  from  within  outwardSy  it  must 
be  consumed  when  the  motion  is  from  without  inwards.  If  the 
body  does  not  come  to  the  centre  at  the  end  of  its  motion,  but 
remains  at  a  distance  r.  from  it,  then  there  remains  an  amount  of 

effect        *  (7,  and  the  body  consumes,  therefore,  only  the  effect 

2g  2g  ^  y  2g  \     2g     /     ' 

if  V,  represent  the  velocity  of  rotation  at  the  distance  r,  or  end  of 
the  motion,  as  v  represents  it  at  the  distance  r  or  commencement  of 
the  motion.     If  the  motion  is  from  within  outwards,  then  the  effect 

o — ^)  ^• 

§  135.  Pancelefs  Turbine, — One  of  the  most  simple  horizontal 
wheels,  in  which  centrifugal  force  influences  the  working,  is  Ponce- 
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let's  turbine,  sbown  in  Fig 

Fig.  346. 


246j  in  plan.     This  turbine  has  ourred 

buckets  between  shrondingB,  and  is, 
in  fact,  one  of  Poncelet's  nndershot 
wheels,  laid  on  its  side.  The  water 
is  laid  on  by  a  trough  AD  nearly  tan- 
gentially,  and  runs  along  the  cnrred 
bucket  to  discharge  itself  in  the  inte* 
riar.  That  the  effect  of  the  water  on 
the  wheel  may  be  a  masdmumj  it  is 
necessary  that  the  water  should  enter 
without  shock  and  discbarge  into  the 
interior  deprived  of  its  rt*  viva.  The 
direction  of  the  end  of  the  bucket  -4, 
influriiig  no  shock,  is  determined  ex- 
actly as  for  Poncelet's  undershot  wheel, 
by  constructing  a  triangle  with  the  velocity  v  of  the  wheel  and  that 
<?  of  the  water  entering  and  drawing  Ac^  parallel  to  the  side  vc. 
The  relative  velocity  Ac^  with  which  the  water  enters  the  wheel  is: 
€^  =  ^/c^  -I-  t?*  —  2c  V  €09,  *,  a  being  the  angle  e  ^  t^  by  which  the 
direction  of  the  stream  of  water  deviates  from  the  tangent  to 
the  circumference  of  the  wheel.  This  velocity  is,  however,  dimi- 
nished by  centrifugal  force  during  the  motion  of  the  water  on  the 
bucket,  and,  therefore,  the  relative  velocity  Bc^  =  c^  with  which 
the  water  comes  to  the  inside  of  the  wheel,  is  less  than  the  above 
velocity  c^*  According  to  the  result  of  the  investigation  in  the 
last  paragraph,  the  water  loses  an  amount  of  effect  represented  by  , 

I  '  \  Qyy  or  -^^^ — ^  in  pressure  or  velocity  height^  v  being  the 

velocity  of  rotation  at  the  commencement,  and  t\  that  at  end  of  the 

motion.     If,  therefore,  ^  be  the  helgbt  due  to  the  velocity  at  the 

entrance  -4,  and  ^  that  at  the  exit  B.  we  have 

i-i-(r,-$^  ^"^^^  *^^^^'''^'  c/=./-.^  +  .A  or  as 

^,  e/  ■.  c^  4-  Pj^  —  2  c  V  COB,  «,  and 


eoi. 


c^  ss  ^c^  -\-  v^  —  2c V  eo».  8,  it  being  constantly  borne  in  mind  that 
V  is  the  velocity  of  rotation  at*  the  outer  periphery,  and  v^  that  at 
the  inner.  In  order  to  rob  the  water  of  all  its  vig  tnva^  the  end  B 
of  the  bucket  should  be  laid  tangentially  to  the  inner  periphery  of 
the  wheel,  and  also  c^  should  be  made 

c 


« t^i,  or  e*  + 1?^*  —  2ev  cos.  h  ^  v^^  i. 


e.,  V  COS,  J  ] 


For  the  sake  of  an  unimpeded  discharge  of  the 'water  to  the  inte- 
rior, the  angle  d^  at  whioh  the  inner  end  of  the  bucket  cuts  the  wheel, 
must  be  made  15°  to  30^,  and,  hence,  the  absolute  velocity  of  the 
water  discharged  w  «  %/c^  +  i'^*  —  2e^  v^  cos.  d^,  or,  if  we  assume 


•   '  • 
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t*  eei.  *  «■  ^t  <>rj  v,  »  e?^  w  =  2 1\  *tn.  -^,  and  the  loss  of  mechanical 
effect  corresponding  is : 

lastly,  the  remaining  useful  effect  of  the  wheel : 

..[.-(.,.,„.'.)-]|:. 

According  to  Poucelet,  these  wheels  should  give  an  efficiency  of 
0,65  to  0,75, 

I  136,  Panaldes, — We  shall  next  treat  of  horizontal  wheels  which 
have  more  or  less  the  form  of  an  inverted  cone,  and  which  are 
termed  in  Franco  roue9  a  poireSj  or  l>anmde%.     Belidor  descrihea 
them   in   the   "Architecture   hydraulique/* 
Fig.  247  represents   the  general   arrange*  Fig.  34T. 

ment  of  these  wheels.  They  consist  essen- 
tially of  a  vertical  axis,  with  a  double  conical 
casing  attached.  The  space  between  the 
casing  is  intersected  by  division  plates,  form- 
ing conduits  running  from  top  to  bottom. 
The  water  is  laid  on  by  a  trough  A  at  top, 
and  flows  off  through  the  bottom  of  the  cone 
at  E^  near  to  the  axia^  after  having  passed 
through  the  conduits  above  mentioned.  In 
the  simplest  form  of  wheelsj  the  division 
plates  are  plane  surfaces,  running  vertically ; 
in  other  cases  they  are  spiral  or  Bcrew- 
formed.  Belidor  describes  the  wheel  without 
the  outer  casing,  but  the  wheel  is  placed  in 
a  conical  vessel  fitting  pretty  closely  to  the  blades j  or  division  plates. 

In  these  wheels,  gravity  and  centrifugal  force  act  simultaneously 
on  the  water.  If  the  water  enters  the  wheel  with  the  relative  velo- 
city €j  above,  at  the  point  B,  the  velocity  of  rotation  of  which  is  i^, 
and  flows,  in  the  wheel,  through  a  height  Aj,  the  velocity  at  the 
bottom  of  the  wheel  near  the  axis  will  be  c^^  determined  by  the  for- 
mula t'a^  =  c,^  +  2ffhi  —  v^*  In  order  that  this  may  be  0,  we  must 
have  1^'  6=  Cj^  +  '2ffhj,  Further,  that  the  water  may  enter  the  wheel 
without  shock,  the  horizontal  component  of  its  velocity  must  equal 
the  velocity  of  rotation,  that  is,  €  co9,  a  —  r,  a  being  the  ineltnation 
of  the  stream  of  water  to  the  horiison. 

The  relative  velocity  of  entrance  is  ^^  =  <?  »f»,  a,  and,  therefore^ 
the  above  equation  of  condition  becomes, 

€^  COS.  s*  =  €^  mn.  a^-|-  2^A^,  L  e*,  e*  <?^#*  21  =  ^ff^i* 

The  fall  necessary  for  the  velocity  is,  therefore,  A^  «  -—  «  — -L_* 

^         2ff         €09.  2  A 

If,  now,  the  whole  fall  Aj  -) L-—  ^  h^  then  the  depth  of  the 


co%. 
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wheel  h.  s  -/       '    ^  .  and  the  heieht  due  to  the  velocity: 
'      1  +  cot.  2  a  ^  ^ 


By  this  arrangemcDt  there  is  no  loss  of  mechanical  effect,  but  as " 
the  axis  has  a  certain  sectional  area,  and  the  water  too  requires  a 
certain  area  of  orifice  for  dischargCj  and  thus  the  water  can  only  be 
brought  to  within  a  certain  distance  of  the  axiB,  its  %m  viva  cannot 
be  entirely  taken  up,  m  that  the  efficiency  la  not  nearly  1,0> 

Remark.  The  wbed  juet  dcscnbed  is  known  as  BunUn^a  DanBiLle.     Tlie  older  l>aiiafiJ« 
of  Mancuri  cl'Eclot  was  dilferemly  can  ftt  met  eel,  tliouj^U  in   principle  u  was  ibe^  same. 
Tbi&  wheel  consbted  of  a  sheet  iron  cjUndeT,  with  an  oriflee  in  ibe  bottom  for  the  dia-  j 
charge  of  the  water,  and  through  which  the  axis  passed.     Id  this  hoUow  cy  tinder,  there  f 
ii  placed  a  clc»ed  cylinder  in  audi  a  'po^ttjon  as  to  leavo  an  mnnutflr  spaed  betw««Ti  k  \ 
and  that  first  mentionetl,  and  also  a  space  betw^sen  the  bottama  of  the  two.     Tbi»  Utter 
is  divided  fay  plates  nnd  buckets  placed  verlicaUy  and  radially  into  a  series  of  oompar^ 
tnenis.    Tbe  water  is  laid  on  tangential  ly  into  ibe  space  between  the  two  cylinders,  | 
de^cendfl  along  tbe  surface  to  the  bottorrii  indueiTig  a  rotary  motion  of  the  whole  appa* 
racuB.     In  this  monner  it  flowed  gradua Uy  lo  tbe  bottom^  and  from  thence  reached  the 
orifice  of  disobaj^e.     Sk  "  Diciiontiaire  dea  Sciences  matht^matiqiies  par  Motitferri^ti 
art,  Danaldt*/' 

This  form  of  Bnnalde  ha*  been  reoenily  perfected  by  Mr*  Jitrneft  Thomson,  of  Glas- 
gow»  so  that  the  effideooy  of  a  model  has  been  proved  «o  be  0,85. 

g  137.  Meactmi  of  Water. — Before  proceeding  with  the  deacrip- 
tion  and  inveatigation  of  the  theory  of  reaction  wheeh^  it  is  neces- 
sary that  we  should  illustrate  the  nature  of  the  reaction  of  water  in 
its  discharge  from  vesaela*  Ab  a  solid  body  endowed  with  an  acce- 
lerated motion,  it  reacts  in  the  opposite  direction  with  a  force  equal 
to  the  moving  force,  so  it  is  in  the  case  of  water  when  it  issues  from 
a  vessel  with  an  accelerated  motion  from  the  orifice*  This  accelera- 
tion  always  takes  place  when  the  area  of  the 
Fjg,  248.  orifice  is  less  than  the  area  of  the  vessel,  or 

the  velocity  of  discharge  greater  than  the  velo- 
city of  the  water  through  the  vessel.  On  these 
grounds  the  vertical  pressiire  of  the  water  in 
the  vessel  IfRF,  Fig,  248,  from  which  the 
water  flows  downwards  at  F,  is  less  than  the 
weight  of  the  mass  of  water  in  the  vessel.  The 
decrease  of  this  force,  or  the  reaction  of  the 
water  flowing  away,  may  he  determined  as  fol- 
lows. If  the  horizontal  layer  AB  of  the  water 
flowing  outj  has  a  variable  section  ff,  a  varia- 
ble thickness  a-,  and  a  variable  acceleration  p,  its  weight  is  G xy 

and  its  mass  =  — —^  and,  therefore^  its  reaction  if  =  _Jl?  ,  ».    If, 

now,  fp  represent  the  variable  velocity  of  the  layer  of  water,  and  x 
its  increase  in  passing  through  the  elementary  distance  Xy  we  have 

(according  to  Voh  I.  §  19)  p  x  ^  w^^  and,  therefore,  K  =  — -  w, 
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If  JP  be  the  area  of  the  orifice,  and  v  the  velocity  of  dipcharge,  then 


Cho  «  JV,  and,  therefore,  K% 


F 


9 


vx.    To  obtain  the  i^^action  of 


+  »n  )•     If  c  be  the  velocity  of  entrance 


all  the  layers  of  water,  we  must  sabstitnte  in  the  last  expression  for 
»,  the  increments  of  velocity  x^,  x^  «s9  •  •  •  *n  of  all  the  layers  of 
water,  and  sum  the  results.    The  reaction  of  the  whole  mass  is  thus 

P„:?^y  («,  +  ,,+ 

9 

of  the  water,  the  sum  of  all  the  increments  of  velocity  »  t;  —  c, 
and,  therefore,  the  reaction  required: 

a  1  [V C)  mm  ^ JtV  .  y  mm  .   Q  y, 

9  9  9 

Q  being  the  quantity  discharged  per  second.  If,  however,  the 
orifice  If  be  very  small  compared  with  the  surfttce  JETfi,  then  c  may 
be  neglected,  compared  with  v,  and 

P.^l'ya  2.1-Fy^2h.Fy. 

So  that  the  reaction  is  as  great  as  the  vertical  impact  of  the  water 
on  a  plane  surface  (Vol.  I.  §  385),  that  is,  eqtial  to  the  weight  of  a 
column  of  water,  the  ha»i»  of  which  is  the  area  F  of  the  orifice,  or 
of  the  Hream,  and  whoee  height  is  double  the  height  due  to  the  velo- 
city (2A)  of  the  water  discharged. 

if  the  water  flow  out  by  the  side  of  the  vessel,  as  shown  in  Fig. 

249,  the  direction  of  the  reaction  is  then  horizontal,  and  the  amount 
•I 

is  in  like  manner  xm  —Fy.    If  the  water  vein  be  contracted,  and  if 

9 
a  be  the  co-efficient  of  contraction,  then,  instead  of  F,  we  must  put 

jPa,orP«  — .  aFy. 
9 

Remark.  Mr.  Peter  Ewart,  of  Manchester,  made  Fig.  249. 

experiments  to  test  this  result,  (^  Memoirs  of  the 
Manchester  PhiL  Soc,"  Vol.  IL)  The  vessel 
HRF  (Fig.  249)  was  hung  on  a  horizontal  axis 
C,  and  the  reaction  measured  by  a  bent  lever 
balance  ADB^  upon  which  the  vessel  acted  by 
means  of  a  rod  QJi^  bearing  on  the  point  directly 
opposite  to  the  orifice  j^.  In  the  discharge 
through  an  orifice  in  the  tkm  ptatt,  it  was  found 
that 

Pmml.U^Fy. 
2g 
If  we  take  the  section  of  the  stream:  F,s 
0,64  .  Ft  and  the  e&ctive  Telocity  of  discharge 
V.  s  0,960  (Vol.  L  $  315),  we  have,  according  to 
the  theoretical  formula: 

P=s2.  ^  F,y  =  2, 0,96*  .  0,64.  —  Fy 

^hlsf^Fy, 

nearly  the  same  as  the  experimental  result    When  the  orifice  was  provided  with  a 
month-piece  formed  like  the  vena  amtractOf  it  was  found  that : 
VOL.  n. — 21 
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1^ 
P  ^  lj73  .  .^  F^f  the  co-efG£i«nt  of  di^qharge  b«mg  0^94.     Aj  in  thk  «a^  F,  =  F^i 

t?,  as  0,94  ^,  t|^e  thaoTetical  reault  ia : 

or  a  very  dose  agreement  with  the  eiperimenCal  result 

§  138.  Reai^im  Wheeh.—lt  a  vessel,  as  ERF,  Fig-  250,  he 
placed  on  a  wheeled  carriage,  the  reaction  moves  the  carriage  in  the 
opposite  direction  from  that  in  which  the  discharge  takes  place,  and 
if  a  vessel  AF^  Fig.  251,  be  connected  with  a  vertical  axis  (7,  it  will 


f\%.  250. 


Fig,  2S1, 


cause  it  to  revolve  in  the  direction  opposite  to  that  in  which  dis- 
charge takes  place.  If  a  constant  supply  of  water  be  maintained, 
a  eontinnoua  rotary  motion  results.  This  contrivance  is  the  rmc- 
Hon  wheel  (Fr.  roue  a  reaction;  Ger,  Eeactimi»rad%  comnaonly 
called  Barkers  mill  in  Britain^  and  Seffuer's  water  wheel  in  Ger- 
many* The  simplest  form  of  this  wheel  is  shown  in  Fig-  252.  It 
consista  of  a  pipe  £0^  firmly  connected  with  a  vertical  axle  AX^  of 
two  pipes  OF  and  CGr  at  right  angles  to  the  first,  having  orifices  in 
the  sides  at  F  and  0,  The  water  discharged  from  these  orifices  is 
continually  supplied  by  a  trough  leading  into  the  top  of  the  upright 


Fig.  252. 


Fig.  253. 


pipe.  In  applying  this  arrangement,  the  upper  millstone  is  gene* 
rally  hung  immediately  on  the  axle  AX'^  but  for  other  applicauons 
the  motion  might  he  transmitted  by  any  suitable  gear. 
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Reaction  wheels  are  also  made  with  more  discharge  pipes  or  con- 
duita  than  twoj  as  shown  in  Fig,  253,  The  vessel  HR  is  made 
either  cylindrical  or  conical.  In  order  to  bring  in  the  water  at  the 
top  without  shocks  the  great  Euler  adapted  a  cylindrical  end  to  the 
pentroughj  immediately  above  the  wheel,  putting  a  series  of  inclined 
guide-buckets  into  it^  analogous  to  the  arrangement  introduced  by 
Burdin  for  his  turbines  {VoL  II,  1 133). 

There  is  a  simple  reaction  wheel  erected  by  M.  Althans,  of  Val- 
lender,  in  the  neighborhood  of  Ehrenbreitstein,  for  driving  two  pair 
of  grindstones,  which  we  have  seen  and  admired-  The  arrange- 
ment of  this  machine  is  shown  in  the  accompanying  sketch,  Fig. 
254.    The  water  is  laid 

fin  by  a  pipe  B  deicend-  ^"8-  254, 

ing  beneath  the  wheel, 
and  turning  vertically 
upwards.  The  upright 
axle  AC^  with  its  two 
arms  GF  and  (7fi^,  is 
hollow,  and  fits  on  to 
the  end  B  of  the  sup- 
ply pipe.  There  is  a 
stuffing  box  at  B  allow- 
ing of  the  free  rotary 
motion  of  the  wheel, 
and  at  the  same  time 
preventing  loss  of  water 
at  the  joint.  The  rec- 
tangular orifices  F  and 
(?  are  opened  or  shut 
by  means  of  vanes  or 
slide  valves  moved  by 
rods  attached  to  a  collar 
E  on  the  axle,  movable  by  means  of  the  lever  HM.  The  water 
supplied  by  the  9  inch  pipe  B  flows  through  the  arms  of  the  wheel, 
and  through  the  apertures  F  and  G,  This  arrangement  has  the 
advantage  of  supporting  the  whole,  or  great  part  of  the  weight  of 
the  machine  upon  the  water,  so  that  there  is  little  or  no  friction  on 
the  base.  If  (?  be  the  weight  of  the  machine,  h  the  head  of  water,.  J 
2  r  the  diameter  of  the  pipe  at  By  then  n  r*  Ay  =  (?,  and,  therefore^ 
in  order  to  support  the  machine,  the  radius  of  the  pipe  should  be 

The  quantity  of  water  expended  by  this  machine  is 

18  cubic  feet  per  minute,  the  fall  is  94  feet,  and,  therefore,  the 
mechanical  cff'ect  at  disposition  is  1755  feet  lbs,  per  second.  The 
length  of  the  arms  is  12^  feet,  and  the  number  of  revolutions  80  per 
minute,  or  the  velocity  at  the  periphery  39,3  feet  per  second. 

Ecmark  1.  The  first  nt^coant  of  o  renction  wheel,  aa  an  mventjon  of  Bmker,  b  fpreil 
m  Desftgu)ier'»  "  Course  of  Eiperimentol  Pbilosophy,  vol  ii,  Londoiij  1745."     Euler  treat* 
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through  which  the  water  is  laid  on  to  the  wheel,  entering  the  wheel 
by  all  the  apertures  between  the  buckets  on  the  inside,  anil  stream- 
ing tbrongh  the  conduits  formed  hy  the  buckets  to  be  discbarged 
at  every  point  of  the  outer  circumference.  Another  essential  differ- 
ence  between  this  and  Whitelaw's  wheel  arises  from  the  absence  of 
the  water-tight  joint  between  the  wheel 
B  and  the  end  of  the  pipe  leading  the 
water  to  the  wheel,  and  which  is  quite 
necessary  to  Whitelaw's  wheels.  The 
reason  of  this  difference  is,  that  the 
pressure  of  water  in  a  reservoir  or 
vessel^  from  which  the  water  is  run- 
ningj  is  different  at  different  points. 
The  pressure  is  greatest  where  the 
water  is  nearly  still,  and  least  where  the 
velocity  is  greatest  (Vol.  I.  §  807). 
The  velocity  of  the  water  depends, 
however,  ujon  the  section  of  the  reser- 
voir or  veseelt  and  is  inversely  propor- 
tional to  the  section,  and  thus^  by 
varying  the  sectioHj  the  pressure  may 
be  made  to  vary  at  will,  or  it  may  be 
made  only  equal  to  that  of  the  atmo- 
sphere. If  we  bore  a  hole  in  the  side 
of  a  vessel  at  the  point  where  the  pressure  of  the  water  flowing  past 
is  only  equal  to  the  atmospheric  pressure^  there  will  be  no  discharge, 
nor  any  indraft.  Thus,  that  no 
water  may  escape^   and  no  air  be  Fig.29S. 

drawn  in  through  the  space  neces- 
sarily left  between  B  and  i),  it  is  M  iC- 
only  necessary  to  give  the  section 
certain  dimensions  at  the  point  of 
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Mrmm-k  Combe^i  wheels  Are  iDmeiim«ft  pwry- 
vided  wiib  iukle4tticket9  for  laying  the  w&t&r 
on  10  tJie  wheel  in  a  definite  direction. 

Redtenljttdhet  forms  tb«  waieriight  joint  be* 
tW€€»  the  mmn  pipe  AB  mid  the  wheel  DEFt 
by  me«Qs  of  a  movable  bras*  ring  CD^  wfaich, 
i«  prewed  eo  tightly  up  agHinst  the  lower  ring- 
surface  D  of  the  ivhed.  dial  the  water  does 
iKit  eftc&pe.  The  ritip  CD  mutt  slide  in  a  well- 
oDfislructed,  water  tight  cvllnr. 

I  142,  Cadiat"&  Turbine, — The  next  wlieel  we  sball  describe  is 
Cadiat  8  turbine.  Theae  have  no  guide-curves^  like  Whitelaw's  and 
Combe's^  but  as  in  Foumeyron^s  turbine,  the  water  is  brought  in 
from  above.  The  peculiarity  of  this  wheel  is  the  introduction  of  a 
cylindrical  sluice,  which  fihuta  the  wheel  on  the  oudide*  Fig,  259 
is  a  vertical  section  of  this  wheel.  AA  is  the  wheel^  BB  being  a 
saucer-formed  plate  connecting  the  wheel  with  the  axle  CD,     The 


in  imioediate  contact  witt  the  upper  plate  or  shrouding  of  the  wheeL 
That  the  water  coming  into  the  wheel  may  not  be  unnecessarily 

disturbed  or  contracted,  the  reservoir  gradually  widens  both  upwards 
and  downwards,  aa  the  figure  shows.  The  discharge  of  the  water  is 
regulated  by  the  cylindrical  sluice  FF  on  the  outside.  This  sluice 
is  raised  or  lowered  by  3  or  4  rods,  connected  with  mechanism  for 
the  purpose.  That  there  may  be  no  escape  of  water  between  the 
sluice  and  the  side  of  the  reservoir,  the  joint  is  made  with  leather. 

The  upright  aixle  01}  is  enclosed  in  a  pipe  /Tffj  to  the  bottom  of 
which  is  attached  a  plate  KK^  reaching  to  the  inner  circumference 
of  the  lower  shrouding  of  the  wheel,  so  that  the  water  is  shut  off 
from  the  disc  or  plate  BB  of  the  wheel.  This  arrangement  is  adopted 
from  that  first  introduced  by  Fourneyron  in  his  turbine. 

Hemark.  A  oomplete  and  accumte  description  of  one  of  Cadkf  s  tuxlnnes,  as  cmgiiwllf 
CGnatnurted,  ii  given  by  Armcngaiid,  sen^  in  ibe  s^oond  volume  or  hi*  **  Publkaikfi  In* 
fhiBtridle." 

§  143.  Foumeyron'n  Turbine. — Fourneyron*8  turbines,  as  they 
have  been  recently  made,  may  be  considered  as  among  the  most 
perfect  horizontal  wheels*  They  work  either  in  or  out  of  back-water, 
are  applicable  to  high  and  to  low  falls— are  either  high  pressure  and 
or  low  pressure  turbines.  In  the  low  pressure  turbine,  the  water 
Hows  into  the  reservoir,  open  above,  as  shown  in  Fig.  260,  In  high 
pressure  turbines,  the  reservoir  is  shut  in  at  top,  and  the  water  is 
laid  on  by  a  pipe  at  one  side,  as  represented  in  Fig.  261.  The 
wheel  consists  essentially  of  two  shroudings,  between  which  are  the 
buckets  of  the  connecting  plate  or  arms^  and  the  upright  axle,  as  m 


i 
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upon  which  the  mass  of  water  presses  as  it  flows  to  tl;e  wheel.  On 
this  disc  the  soollei  ffuide-^mrveSj  ah,  ajl>^j  &c.  (Fig.  260  or  262),  are 
fastened.  These  give  the  water  a  certain  direction  of  motion  on  to 
the  wheel,  which  surrounds  them,  and  through  it  along  the  buckets, 
to  be  discharged  at  the  outer  circumference.     The  reaction  is  such 


t 
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that  its  motion  raises  or  lowers  the  pipe  Q-R.    There  is  also  attached 
to  Q-H  a  plate  or  piston  HLy  having  a  water-tight  packing. 


§  144-  The,  Piv6t  and  Footstep. — The  pivot  and  footstep  are  very 


THE  PIVOT  AJtO  FOOTSTEP* 
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J),  whioli  ia  supported  on  a  block,  movable  up  or  dowti^  aa  may  be 
required,  by  means  of  the  foldtJi^  key  PS.     The  oil  ia  supplied  by^ 

Fig.  264. 


^^ 


w^ 


a  pipe  R  passing  by  the  side  of  the  key,  and  through  the  bottom  of 
the  block  and  brass. 

Fig.  265  is  the  arrangement  of  footstep  adopted  by  Cadiat,     A 
the  foot  of  the  upright  shaft*     B  a  hardened 
steel  pivot  attached  to  j4  by  screw  or  weld-  Fig.  265. 

^ing.  (7  is  a  hardened  steel  itep  for  the  pivot. 
I>EED  ia  a  cast  iron  block  or  case  for  the 
step,     EE  being  a  brass  casing.     F  is  a  pipe 

|taking  oil  to  the  space  between  B  and  E,     Cr 

ris  a  lever  for  raising  or  depressing  the  tur- 
bine, 

FourneyroE  has  very  muob  coiiiplicated  the 
construction  of  the  pivot  and  footstep^  to  attain 

^permanence.      The   general   arrangement    is 
showD  in  Fig.  262,  and  its  details  are  shown 
■  1  Fig.  266.     Fig.  262  shows  that  the  footstep  Z  is  in  a  block  which 
ests  on  a  lever  072,  turning  round  0,  when  elevated  or  depressed 
by  the  rod  MS.      C/  is  a  pipe  for  bringing  oil  to  the  footstep,  tb« 

^liead  of  which  should  be  as  high  as  possible.  That  the  circulation 
of  the  oil  may  be  active,  it  should,  at  all  events,  be  considerably 
alxsve  the  surface  of  the  water  in  the  lead  in  low  pressure  turbines, 
and  there  should  be  a  means  of  for  einff  in  a  supply  for  high  pressure 
turbines.  The  parts  A  and  B  immediately  in  contact  with  each 
other  are  of  hard  steeL  The  upper  part  A  is  fixed  in  the  shaft  G^, 
and  the  lower  part  B  fits  into  a  hollow  piece  BB,  and  is  movable 
upwards  and  downwards  by  a  lever  supporting  the  whole,  and 
passing  through  0  {OBj  Fig.  262).  The  surface  of  A  is  hollowed, 
VOL,  II. — 22 
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Fig^ee*  ^^^  ijj^  he^d  of  B  rounded^  and  both  ar^ 

surrounded  bj  a  collar  ^JS^  which  keep^  the 
oil  between  the  rubbing  surfaces.  The  oilp 
brought  down  id  a  pipe,  enters  at  a  into  the 
hollow  space  J,  and  from  thence,  through  c, 
passes  into  the  space  d.  Out  of  this  it  flows 
through  three  channels  e/,  on  the  periphery 
of  the  steel  bearing,  rising  perpendicularly 
from  the  bottom  and  running  inelmed  to  the 
top,  where  three  radial  furrows  serre  to  dis- 
tribute it  sufficiently.  Lastly,  there  goes  from 
the  centre  of  -4,  a  hole  gh  into  the  axis, 
through  which  the  oil  escapes  oatwards,  so 
that  a  circulation  is  maintaioed.  ^i 

§  145.  Strength  or  Dimensions, — In  de-™ 
signing  a  turbine  for  a  certain  fall  of  water, 
there  is,  besides  the  chief  ditnensions  of  the 
wheel  itself,  the  strength  of  certain  parts  to  be 
calculated*  The  strength  of  pipes,  &c*,  is  to  be  calculated  hj  the  for- 
mnlaa  given  in  Vol.  I.  §  283;  and  at  VoL  IL  §  84^  we  have  treated 
of  the  dimensions  necessary  for  shafts.  If  L  be  the  useful  effi&ct 
of  a  turbine  in  horse's  power,  and  u  the  number  of  revolutions 
per  minute,  we  have  for  the  requisite  diameter  of  the  upright  shaft 

d  =s  6,12    f ^-  inches. 


Si  u 


The  strength  of  the  bottom  plate,  &c,,  is  easily  determined  hj 
reference  to  the  theory  of  the  strength  of  materials;  but  the  natur 
of  the  casting  fixes  the  dimensions,  so  that  there  can  very  rarelj 
lOccur  any  necessity  for  calculation. 

^mark  L  In  Uia  erection  of  turbmes,  tjoi  only  the  w^igLt  of  the  parts  of  the  msehin 
I'^t  the  water  prewure,  bas  to  be  considered.  The  latier  has  especiaUy  to  be  consideri 
Id  high  pressure  tiirbines.  It  must  not^  for  example,  be  l^t  $iight  of,  that  the  wat( 
pteM«0  against  the  reservoir  with  a  force  e^ual  to  the  weight  of  a  column  of  waK 
Ikaiing  the  section  of  the  pressure  pipes  n$  base^  and  ihe  htad  of  watir  ba  height ;  andj 
Uml  the  knee  piece  on  the  pressure  pipoa  tends  lo  move  with  the  same  fbroe,  but  in  thftf 
Opponl«  dueciion.  1 

Emnark  2.  For  determining  the  dimensions  of  tlie  pivot,  the  rule  which  limits  thaJ 
pressure  on  every  square  inch  of  tbe  brass  to  ISOO  ibs.,  and  that  for  a  steel  pivot  on  M 
Meel  bean  rig  to  7000  tbs,,  might  be  used ;  but  we  know  from  what  bus  been  saitj  abov^l 
in  reference  lo  tbe  wear  of  tbeae  pomie,  lliat  it  is  preferable  to  make  tbe  pivot  onljr  very^ 
Utile  less  than  the  diameter  of  the  shafL     The  above  numbers  refer  to  shafts  hatnng  i 
mcMlente  veiodiy  of  roiaiion,  and  a^  the  wear  increases  as  the  weight,  and  &£  the  veto^ 
cjlf  of  rotation  besiflea,  it  ia  evident  that  turbines^  revolving  with  great  speed,  should 
nliave  proportionally  large  pivots  and  bearmgs, 

§  146.  Theory  of  Reaction  TurbineB. — For  the  ior^tigation  of  J 
tte  mechanical  proportions  and  effects  of  Foum©jron*s  turkioes^  we  ■ 
shall  use  the  following  tiotatioo : 

rj  =  CAj  Fig.  267,  the  radius  of  the  inside  of  the  wheel,  or  ap- 
prorimateljj  that  of  the  periphery  of  the  bottom  plate. 

r  =^  CB^  the  radius  of  the  outside  of  the  wheeL 

i/j  s  the  velocity  of  the  interior  periphery. 
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V  &  the  Telocity  of  the  exterior  ^Jfr  sex 

periphery. 

c*  =■  the  velocity  with  which  the 
water  flows  from  the  reservoir  or 
guide-curves, 

Cj  «  the  Telocity  with  which  the 
water  enters  the  wheel- 
er =  the  Telocity  with  which  the 
water  leaves  the  wheel. 

a  =  the  angle  cA  T  which  the 
direction  of  the  water  leaving  the 
reservoir  makes  with  the  inner  cir- 
ctnnference  of  the  wheel, 

^  =  the  angle  c^A  T  made  hy  the 
water  entering  the  wheel  buckets 
with  the  inner   periphery  of  the     |l 
wheel* 

a  —  the  angle  c^A  T  made  by  the  water  stream  leaving  the  wheel 
with  the  outer  periphery. 

F=  the  area  of  the  orifices  of  discharge  from  the  guide-curves. 

F^  =  the  sum  of  the  areas  of  the  orifices  by  which  the  water  enters 
the  wheeL 

F^  «=  the  sum  of  the  areas  of  the  orificei  at  the  outaide  of  the 
buckets. 

A  =  the  entire  fall  of  water, 

Aj  es  the  height  from  surface  of  lead  to  centre  of  wheel,  or  cen* 
tre  of  orifice  of  discharge  from  reserToir. 

A,  a  Aj  —  A  the  depth  of  the  entrance  orifices  to  the  wheel,  below 
the  orifices  of  discharge,  or,  if  the  wheel  works  under  water,  below 
the  surface  of  the  tail-race ;  andj  lastly : 

X  »  the  height,  measuring  the  pressure  of  the  water  at  the  point 
where  it  passes  from  the  reservoir  or  guide-curves  into  the  wheeL 

In  the  first  place,  for  the  velocity  c  due  to  the  difference  of  pres- 

sures  A  J  — x^  we  have  -_-  sa  A^  —  m^  or,  more  accurately,  if  the  water, 
in  flowing  from  the  guide-curves,  loses  an  amount  of  hydraulic  pres- 

aure  =  J  .  ^^,  then  (1  +  j)  -_  «  A^ — a?,  therefore, 
% % 

c  ^  J^g(^t-^\  and,  inversely,  ^  ^  A,  -  (1  +  f)  £, 

In  order  that  the  water  may  enter  the  wheel  without  shock,  it  is 
necessary  that  the  velocity  of  discharge  should  resolve  itself  into 
two  components,  the  one  of  which  must  coincide  in  magnitude  and 
direction  with  the  velocity  of  the  inner  circumference  of  the  wheel, 
and  the  other  must  coincide  in  direction  with  the  stream  entering 
the  wheel  conduits  or  channels.  This  being  taken  for  granted:  tf 
the  velocity  with  which  the  water  begins  to  flow  through  the  chan- 
nels Ac^  s=  e^  we  have  it  from  the  formula; 
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^  The  Telocity  of  discharge  e^  may  be  deduced  from  the  preMore 
height  X  and  A,  at  entrance  and  exit,  from  the  height  ^ » being  that 

corresponding  to  the  velocity  of  entrance,  and  from  the  increase  of 
pressure  height  corresponding  to  centrifugal  force  of  the  water  in 

the  wheel  ^'~^>'  (Vol.  II.  §  148) : 

^amx  —  A,  4.^4.  — - — L,  or,  substituting  the  above  values  of 
X  and  e^: 


"t 


-.*.-*,-(i  +  f)i-  +  ^  + 


c*    ,    r*       2cv,  co$.  a 
i_ * 


2g^  2g^  2g  2g 

or  as  Aj  —  A,  »  A,  the  whole  fall: 

e^  —  2gh  +  r* —  2ev^  co%.  a  —  f  .  c,. 
If  we  further  assume  that,  by  friction  and  curvilinear  motion  in 

the  wheel  channels,  there  is  a  loss  of  hydraulic  head  »  ?L-L,   then, 

more  accurately :  (1  +  »)  c^  =»  2gh  +  v*  —  2  <?  r^  co%.  a — f  .  c*. 

The  quantity  of  water  Qwm  Fc^  F^e^  —  Fj:^  .\  cwm  -^ ,    and 

v^  wm^-^  Vj  and,  therefore,  we  have  for  the  velocity  of  the  water 

T 

leaving  the  wheel: 

§  147.  Best  Velocity. — In  order  to  get  the  maximum  effect  from 
the  water,  the  absolute  velocity  of  the  water  leaving  the  wheel  must 
be  the  least  possible.  But  this  velocity  is  the  diagonal  Bw  of  a 
parallelogram  constructed  from  the  velocity  of  discharge  c^  and  the 
velocity  of  rotation  v :  


Wi 


%/c^  +  v*  —  2c^v  COS.  3  S9     f(<?j — vy  +  4 c^vfstn.  -\  ; 


and  B  is  to  be  made  as  small  as  possible,  and  c^  a  v.  But  in  order 
that  there  may  be  free  passage  for  the  necessary  quantity  of  water, 
it  is  not  possible  to  make  3  =  0,  but  this  has  to  be  made  10^  to  20^ ; 
whenever,  therefore,  we  make  c^  a  v,  there  remains  the  absolute 
velocity: 

and  the  loss  of  effect  corresponding  is: 

2g^^  2g  Cy 

We  now  perceive  that  the  maximum  effect  is  not  got  when  v^e^ 
but  when  v  is  something  less  than  c^\  but  it  is  also  manifest  that 
for  V  =B  c,,  and  for  a  small  value  of  3,  the  deficiency  below  the 
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maximmn  effect  can  only  be  very  small.  As,  besides,  in  assuming 
vsa  e^we  get  very  simple  relations,  we  shall  do  so  in  the  sequel, 
and  introduce  this  into  the  last  equation  of  the  preceding  paragraph. 
We  then  have: 

^1  +  ?(:^)*  +  .]  t^  +  2^  3  t;»co«.  .—!»»-%*,  or, 

r2^  .^eot.a  +  S  {^\  +  M~\v*mm2gh;  and,  therefore,  the  velo- 
city of  the  wheel  corresponding  to  the  maximum  effect  required,  is : 

2P~ 


Instead  of  the  section  ratio  -^,  we  may  introduce  the  angle  fi. 

The  unimpeded  entrance  of  the  water  into  the  wheel  requires  that 
c  should  not  be  altered  in  entering  into  it,  or  that  the  radial  com- 
ponent of  Cy  ANts^  c  %in,  a,  should  be  equal  to  the  radial  component 
of  <?j,  i.  e.  c^  sin,  0,  and  also  to  the  tangential  component  c  cos.  a  of 
c  the  tangential  velocity  AT^m  c,co%.  /S  +  v^  of  the  water  already 
within  the  wheel.     According  to  this : 

<7,       9%n.  a  ^  :i  c  %in.  /3 

*  -,  c  co%.  a  —  <?,  co%.  fi  «■  t>„  and  —  > 


c       8tn.fi  v^      8in.{fi — o) 

Besides  this,  as  JV  «  F^c^ «  Fjo  »  —  Fjo^ ;  we  have 

F^      r,      c       r,         iin.  p 
F       r  '  Vj       r  *  sin.  (j3  —  o)' 
and  the  velocity  of  the  outer  periphery  of  the  wheel : 

2gA 
coi.  •  ,   y-  /     r,  8tn.  p     \*  , 
»)  \r  sin.  {fi  —  o)/ 

and  hence  the  velocity  of  the  inner  periphery : 


y         \r/  8in.{fi 


..«!!.-, M 

r  \    /  2  9in.  fi  cos,  a      ^  /      sin.  j3       \*      ^  /ry 

Y      9in.  {fi  —  a)  \r  sin.  (j3  —  o)/        *  Vr,  / 

Neglecting  the  prejudicial  resistances,  we  should  have : 
\gh  sin.  (^  —  »)  ^  ^^^  ^i  _  ^^  ^  ^^^^^  ^x 
\    sin.  /3  cos.  a 
§  148.  Pressure  of  the  Water. — With  the  aid  of  this  formula  for 
V,  we  can  determine  the  pressure  exerted  on  that  part  of  the  reservoir 
where  the  water  passes  from  it  on  to  the  wheel ;  we  have : 

.      V   ^^i2g       »      ^  '2^Wn.  (0— -y 

22* 
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The  A'elocity  of  discharge  c^  may  be  deduced  from  the  pressure 
height  X  and  A,  at  entrance  and  exit,  from  the  height  ^  9  being  that 

correspondine  to  the  velocitj  of  entrance,  and  from  the  increase  of 
pressure  height  corresponding  to  centrifugal  force  of  the  water  in 

the  i^heelt:^  (Vol.  II.  §  143) : 

^aiOP  —  ^3-1-^4-  — ^ — L  y  or,  substituting  the  above  values  of 
X  and  tf|: 

or  as  Aj  —  h^^  h,  ^^^  whole  fall: 

e^  ■■  2gh  +  r*  —  2cv^  cos.  a  —  f  .  <?,. 

If  we  further  assume  that,  by  friction  and  curvilinear  motion  in 

X  c^ 
the  wheel  channels,  there  is  a  loss  of  hydraulic  head  s=  -^y   then, 

more  accurately :  (1  +  »)  c^  =»  2gh  +  v*  —  2cv^  cos.  a — ?.<?*. 


2cv^  COB.  a 


y 


The  quantity  of  water  Q^  Fc^  F^c^  =»  F^c^  .'.  <?  1 


and 


Vj  B  ^  t^,  and,  therefore,  we  have  for  the  velocity  of  the  water 

T 

leaving  the  wheel: 

[l  +  c(J?y+  x^e^^  +  2^.'^c^vcos.a  —  v'^2gh. 

§  147.  Be9t  Velocity. — In  order  to  get  the  maximum  effect  from 
the  water,  the  absolute  velocity  of  the  water  leaving  the  wheel  must 
be  the  least  possible.  But  this  velocity  is  the  diagonal  Bw  of  a 
parallelogram  constructed  from  the  velocity  of  discharge  c^  and  the 
velocity  of  rotation  v: 
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A. 


(l  +  C)A«»n.|8« 


=v 


2  sin.  fi eoi. a 8%n. {fi  —  •)+ ?»wi.j8*  +  «  (— )  [««•  {fi  —  •)]* 


1  +  C08.  2a  — cotg.  ^  «n.  2  a  +  f  +  ./iiy /?*?l(£zi^\* 

\rj/  \      sin.  /5      / 

Neglecting  prejudicial  resistances,  we  have : 

*      1  +  COS.  2  a  —  eotg.  /J  sin.  2  o* 

If  the  turbine  work  free  of  back  water,  we  have,  in  the  case  of 

the  turbines  of  Foumeyron,  Cadiat,  and  Whitelaw,  h^ «  A,  and, 

therefore, 

COS.  2  a  —  cotg.  /3  sin.  2  a        t  . 

1  +  cos.  2  a — cotg.  /J  sin.  2a' 

if,  however,  the  turbine  works  in  back  water,  then  h^s»  h  +  A,,  and, 

therefore, 

cos.  2  a  —  cotg.  |3  sin.  2  a        x  .   t 

X  ae ^ ; — — -  .  n  +  h^. 

1  +  COS.  2  a  +  cotg.  j3  stn.  2  a 

If,  in  the  first  case,  the  pressure  is  to  be  »  0,  t.  «.,  equal  to  the 
atmospheric  pressure,  then  2; »  0 ;  but  if  in  the  second  case,  it 
must  bo  equal  to  the  pressure  of  the  back  water  against  the  orifices 
of  the  wheel,  then  x  a  A,,  but  in  both  cases  we  should  have : 
COS.  2  a  —  cotg.  /3  sin.  2  a  s  0,  i.  e.,  tang.  /)  «  tafig.  2  a,  or  /3  «  2  a. 

Jfj  therefore^  the  angle  of  the  water* s  entrance  fi  be  twieet  he  angle 
of  exit  a,  the  pressure  at  the  point  where  the  water  passes  from  the 
reservoir  to  the  wheels  is  equal  to  the  external  pressure  of  the  atmo- 
spherCy  or  of  the  hack  water. 

On  the  other  hand,  it  is  easy  to  perceive  that  this  internal  pres- 
sure is  greater  than  the  external  pressure,  if  j3  >>  2  a,  and  it  is  less 
than  this  when  /3  <  2  a.  These  relations  ,are  somewhat  different 
when  the  prejudicial  resiatanceB  are  taken  into  account,  as  it ' 
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Talnes,  involving  impossible  conditions,  when  0  >  a.  It  is,  there- 
fore, necessary,  in  the  construction  of  turbines,  that  /3  >  a,  and  that 
«  ^  90^. 

Between  these  limits,  we  may  choose  various  values  for  a  and  /i, 
although  they  do  not  all  lead  to  an  equally  convenient  or  advan- 
tageous construction.  Foumeyron  makes  j3  »  90^,  and  a  »  30^  to 
88^,  some  constructors  make  P  less,  and  others  greater  than  90^. 
When  j3  is  made  90^,  or  less,  the  curvature  of  the  buckets  is  greater 
than  when  jS  is  madb  more  obtuse.  Great  curvature  involves  greater 
resistance  in  the  efflux,  and  hence  it  is  advisable  to  make  ^  rather 
obtuse  than  acute,  that  is,  to  make  jS  a  100^  to  110^.  The  angle 
•  must  then  be  50^  to  55^,  if  the  internal  pressure  is  to  balance  me 
external.  In  order,  however,  that  the  channels  formed  by  the 
guide-curves  may  not  diverge  too  much,  and  that  the  equilibrium  of 
pressure  may  not  be  disturbed  by  depressions  of  the  sluice,  this 
angle  is  made  from  80^  to  40^,  and  if  the  turbine  revolves  free  of 
back  water,  then  a  should  not  be  more  than  25^  to  80^;  a  is,  how- 
ever, never  made  very  acute,  because  with  the  angle  a,  the  area  of 
the  orifices  of  discharge  varies,  and,  therefore,  the  quantity  of  water 
discharged  would  diminish,  or  the  diameter  of  the  wheel  must  be 
greater  for  a  given  quantity  of  water  expended.  On  the  other  hand, 
we  have  to  bear  in  mind,  that  the  losses  of  effect  increase  as  t^j  and 
that,  therefore,  cseteris  paribtiSj  a  turbine  will  yield  a  greater  effect 
— will  be  more  efficient — when  revolving  slowly,  than  when  it  has 
a  great  velocity  of  rotation.  According  to  this,  the  construction 
should  be  so  arranged  that  a  and  jS  do  not  differ  widely  from  one 
another,  from  which  would  follow  an  internal  pressure  less  than  the 
external.  If  a  be  the  height  of  a  column  of  water  balancing  the 
atmospheric  pressure,  the  absolute  pressure  of  the  water  as  it  passes 
over  the  space  between  the  wheel  and  bottom  plate  is  a  +  ^^  &nd  if 
this  presauro  ^  Q;  then  the  water  flows  with  a  maxtmum  velocity 
c=  s/2g{k^ — ^)  =  \^^3{K  +  ^)  ^''Q™  the  rescryoir.     If  a  -h  z 
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r,-    \gh  (l  -  tang.  » .  (*  +  ^)  '''\^  '  +  ^\  ,  A.    f_i^ 

§  151.  T\irline%  wUhoxd  Guide-Curvet.  —  For  turbines  without 
guide-curyes  we  may  make  a  »  90^,  because  the  water  flows  by  the 
shortest  way,  or  radially,  out  of  the  reservoir.  In  this  light  we 
have  to  consider  the  turbines  of  Combe,  Cadiat,  and  Whitelaw.  If 
we  introduce  into  the  formula  for  the  best  velocity  a  »  90%  we  get: 

~2gh 


\ 


2  tin,  g  C09. 90^ 


^ j;  neglecting  prejudicial  resistances, 

however,  v^  —  1-^  >■  oo .  But,  for  two  reasons,  the  wheel  can- 
not acauire  an  infinite  velocity.  There  is  a  limit,  in  the  first  place, , 
when  the  mechanical  effect  at  disposition  is  absorbed  in  overcoming 
prejudicial  resistances,  that  is,  when 

*-  [(2«n.  5)*+  f  {^tang.p)*  +  ,  ]^,  or, 
...     /  ^      2^^ 

and  in  the  second  place  when 

a;  -I  —  a,  i.  e.  A  —  ^5-  «■  —  a,  or--. »  a  +  A,  or, 
^g  ^g 

TT  (-  •    .  W^^'mo^Y  "■«  +  *>  tl^at  w,  when 
2g\r     9tn.  (*J  —  90°)/ 

V  B  —eotg.  J3  v/2^  (a  +  A),  because  then  the  full  discharge  by  full 

^1 
flow  ceases,  and  the  circumstances  are  quite  changed,  seeing  that 
the  water  cannot  flow  from  the  reservoir  in  quantities  suflScient  to 
supply  the  discharge  of  the  wheel  channels,  when  their  section  is 
filled. 

If  we  introduce  into  the  above  formula: 


....  / — ^ — , 

y  t(««ii,.s)>+.(i) 


the  experimental  co-eflScients  ^  and  «,  it  is  still  far  from  giving  us 
v  a*  00.  Now  for  the  most  accurate  constmction  of  the  guide- 
curve  apparatus,  the  co-effioient  of  velocity  t  ia  not  greater  than 
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0,98,  and,  therefore,  the  co-effident  of  resistance  (  ooiresponding 
»  -. —  1  sm  not  less  than  _— ^ —  1  >«  0,16,  or  about  16  per  cent. 

In  the  case  of  turbines  without  this  apparatus^  this  resistance  does 
not  exist;  but  still  there  remains  always  a  certain  loss  for  the  en- 
trance into  the  wheel  channels,  which,  in  Combe's  and  Cadiat's 
wheel,  does  not  probably  exceed  5  per  cent,  though  in  Whitelaw's  it 
may  be  taken  as  10  per  cent,  at  least,  for  the  channels  are  too  wide 
to  admit  of  the  supposition  that  the  whole  stream  of  water  has  the 
definite  direction  (/i).  The  co-eflScient  m  corresponding  to  the  re- 
sistance from  the  curvature  and  friction  in  the  channels  may  be  set 
at  from  0,5  to  0,15,  as  we  shall  see  in  the  sequel,  and  hence,  for 
turbines  without  guide-curves,  we  have,  putting  u  «■  0,1,  the  best 
velocity  


0,05  (eatv.^)*+ 0,1  (^y 


and  for  Whitelaw's  reaction  wheel : 


f.-x  / ^ ,. 

y  0,1  {tang.  fi)*  + 0,1  (L.) 
If,  again,  we  put  jS  a  60^,  and—  »  |,  we  have,  in  the  first  case: 


and  in  the  second  case : 


'Jo,i 


For  other  reasons,  we  shall  hereafter  learn  that  the  most  advan- 
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a  circumstance  so  much  the  more  unfavorable,  inasmuch  as  it  is 
generally  requisite  to  economize  power  the  more,  as  the  water  supply 
fails.  The  loss,  however,  by  lowering  the  sluice,  is  never  very  great, 
as  the  following  investigation  proves. 

If  we  decompose  the  velocities  c  and  e^  into  their  radial  and  tan- 
gential components  c  Bin.  a,  c  co%.  a,  c^  sin.  jS  and  c^  eo%.  0,  and  sub- 
tract the  two  from  each  other,  there  remain  the  relative  velocities : 

e  sin.  a  —  C|  sin.  jS,  and  c  com.  o  —  c^  cos.  /3 ; 
as,  however,  the  water  has  the  velocity  v^  in  common  with  the  wheel, 
the  latter  relative  velocity  is  in  fact  —  c  cos.  a  —  c,  cos.  /3  —  v^.     Ac- 
cording to  a  known  law,  the  loss  of  pressure  height  corresponding  to 
a  sudden  cessation  of  this  velocity  is  : 

y  ss  — -  [(c  sin.  a —  c^  sin.  J8)*  +  (c  cos.  a  —  Cj  cos.  fl  —  rj*], 

or,  in  mechanical  effect : 

y«iy  Gr  *"  lie  sin.  a,  —  c^sin.fly  +  {ccos.a  —  c^cos.fi — v^^   ^. 

If  we  introduce  into  this  formula  c,  »  i;  and  i;^  «■  !!l  r,  further 

c  »  -=^  V  and  q  s  -^  v,  we  have,  as  the  loss  of  mechanical  effect : 
F  F^ 

F—  r/^i »*^' •      ^% ^^'  ^ y^  / Ja COS. a     F^cos.fi      r^ \*1-—  CK 
L \      -^  F.      f      \      F  F^  r /  ^2g 

From  this  we  may  judge  as  to  the  loss  of  effect  in  turbines  that 

do  not  fulfil  the  conditions  expressed  in  the  equation : 

FF      r 
F^ sin.  a »  Fsin.  fi  and F^ cos.a^F cos.  /s  +  -— L  .  11. 

However,  even  if  these  conditions  be  fulfilled  in  the  normal  state  of 
the  turbines'  working,  i.  e.,  when  the  sluice  is  fttUy  drawn,  they 
cannot  be  so  when  the  slnioe  is  depressedi  and  ^becomes Fx.  The 
loss  of  mechanical  effeet  then,  even  when  the  effect  is  a  maximum, 
\iz. :  c,  as  V,  ia : 

FF      r 

or  substituting  Fsin.  /i  a.  f\  nn.  •  and  Feos.  fi  +  —1 .  11=  F^  cos.  a. 

If,  as  an  example,  we  put  ^  ^  |  ^  which  is  allowable  in  Four- 
neyron*s  turbines,  we  have : 


^-{g-5)'-0»«»« 


PRESS  DRG  TUKBINES. 


m 


Fig  n9. 


not  entirely  folfil  its  object;  but  the  apparatus  shown  in  Fig,  268, 
invented  by  Combes,  does^  This  contrivance  consists  in  a  plate  or 
disc  DD^  between  the  two  sbrotidings  of  theivheel,  which,  bj  means 
of  rods  JEE^  can  be  raised  or  depressed  by  means  of  a  simple  me* 
eh&nism,  so  that  the  water  flowing  through  the  wheel  always  fills  up 
the  channels  open  to  it.  This  apparatus  fulfils  the  required  condi* 
tions,  but  it  is  difficult,  and  very  costly  iti  construction. 

The  turbines  of  Gallon,  and  also  those  of  Gentilhonime,  are  like- 
wise constructed  so  that  the  water  may  fill  up  the  channels^  how 
small  soever  the  quaotity  supplied. 

Fig*  269  represents  a  part  of  Gallon *s  wheel  in  eleT&tion  and 
section.  This  shows  that  the  guide-curves 
are  covered  in  on  top,  and  in  the  inside  by 
sluices  J^,  JF . .  < ,  each  of  which  closes  two 
apertures.  To  regulate  the  discharge  of 
water  by  this  arrangement,  it  is  only  neces- 
sary to  keep  a  certain  number  of  apertures 

Fclosed*     Although    this    arrangement   cer- 
^inly  provides  against  impact  on  the  wheel, 

'yet  it  is  imperfect,  inasmuch  as  the  water 
can  work  little,  if  at  all,  by  reaction,  as  it 
does  not  run  through  the  wheel  channels  in 
an  unbroken  stream.  In  this  alternate  fill- 
ing and  emptying  of  the  wheel-channels, 
the  velocities  c,  c^  and  c^  undergo  continual 

[  irariations  unless  a:  =  0,  that  is  ^  »  2  a. 
If,  for  example,  the  wheel -channels  not 
being  filled,  c  «  ^2gh^^  we  should  have 
^2g  (A  —  x),  when   the  water  stream 

[ ^Ued  up  the  channela.  Thus  for  each  fill- 
"  Qg  and  emptying,  or  while  the  wheel  passes 
from  one  open  aperture  to  another,  the  velo- 

|xity  c continually  oscillates  between  the  limits 
'.^igh^  and  v^2g(A  —  x)*    As  the  maximum  effect  can  only  be  oV 

Fc        *        -         ' 
lained  tor  determinate  values  of  i;  and  c^^  -^,  it  is  quite  evident 

that,  as  c^  varies,  we  fail  in  this. 

For  Gentilhomme's  turbine,  the  same  object  is  attained  by  cireu- 
[Jar  sectors,  which  are  so  placed  by  means  of  mechanism,  that  they 
Lclose  a  part  of  the  guide-curve  apparatus;  an  arrangement  evidently 
[,£ven  more  imperfect  than  Gallon 's«  Hanel,  a  German  engineer, 
.describes  an  arrangement  of  sluice  for  effecting  the  objects  now  in 
Lquestion,  very  similar  to  that  of  Combers-  {See  '*  Deutsclie  Gewerb- 
Lxeitung,  1846.) 

I  154,  Pre»»ure  Turbinei, — This  is  the  place  to  compare  the 
|ijeaction  turbines  hitherto  under  discussion  with  the  impact  and  pres- 
sure turbines,  into  which  they  always  become  converted  when  the 
sluice  0,  Fig.  270,  closes  the  greater  part  of  the  depth  of  the  wheel 
VOL.  II.— 23 
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Fig.  570. 


AM.    As  the  water  W  only  partially  fills  the  aectian  of  the  mhmX 

cbatineb,  the  remainder  is  filled  wiib  aif|^ 
iinlesa  the  wheel  works  free  of  back  waterj" 
and»  therefore,  the  pressure  on  the  outside  of 
the  wheel  is  that  of  the  atmosphere;  the  ?eloi«] 
city  ii  c  «  \/2gA,  and  is  IndependeDt  of 
motion  of  the  wheel  But  for  the  velocity 
discharge  we  hare  c/  =  2^/*  +  i?* —  2  c  t? j  co$.  < 
and  for  the  maximum  effect  c^  -■  r,  and  the 
for  these  wheels,  the  expression 

2  €  V.  COS.  a  =  %A,  or  substituting  c  ™  s^2gky  v^  &       "^   ^  obt 

In  the  case  of  reaction  wheels,  we  found : 


and  hence  we  perceive  that  the  conditions  of  maximum  effect 
identical  in  both  cases,  if =1  —  tang.  *  cotg.  U,  or  if  tmn 

p  s  iang,  2  a,  that  is  fJ  ==  2  a;  which  result  we  have  already 
tained  in  the  form  of  the  condition  that  x  =  0,    There  is,  therefore,  i 
essential  difference  in  the  turbines  of  the  two  classes,  in  as  far  as 
the  velocity  for  the  maximum  of  effect  does  not  in  the  one  depend 

I  'ttpon  ^,  whilst  It  does  in  the  other;  and  it  is  only  when  ^  »  2  a  that 
ais  velocity  is  the  same  for  both*     While,  therefore,  for  reactioti^ 

[wheels  the  velocity  \\  may  be  made  to  vary  within  wide  limits  bjV 

jielection  of  the  angle  |3,  we  have  no  such  jmce  in  the  case  of  impact 

^turbines. 

-      In  reference  to  the  effect  of  both  wheels,  we  adduce  the  following 

lifacts.     When,  in  a  reaction  wheel,  the  sluice  is  gradually  lowered 
the  efficiency  diminishes,  and  when  it  is  so  far  lowered  that 
rater  does  not  fill  up  the  wheel  channels,  the  turbine  then  paasiii| 
into  a  pressure- turbine,  the  efficiency  suddenly  rises,  because 
loss  of  mechanical  effect  by  the  sudden  change  of  velocity  cea 
By  lowering  the  sluice  still  further,  the  further  loss  of  effect  is  in* 
considerable.    According  to  this,  the  pressure  turbine  seems  to  be 
a  better  wheel  than  the  reaction  turbine;  but  from  other  circum- 
stances the  advantages  do  not  preponderate,  and  can  only  be  ac- 
corded when  the  supply  of  water  is  liable  to  much  fluctuation. 

As  the  water  entering  the  wheel  finds  a  much  greater  sectional^ 

f^mrea  than  at  its  velocity  it  can  fill,  it  gets  into  an  irregular  oscilla^ 
tory  motion,  and  not  only  does  not  discharge  with  the  velocity  t^  abovi 
calculated,  but  also  loses  a  part  of  its  vh  viva  absorbed  in  creating  thfl 
eddying  irregular  motion  alluded  to  (and  which  no  doubt  iBGon^umed  i 
rauing  the  temperature  of  the  water,  Tb*),     Numerous  experiment! 
have  proved  this,  and  these  may  be  repeated  with  any  turbine,  if  " 
be  made  to  revolve  with  the  best  velocity,  first  as  a  reaction  whc 
and  then  as  a  pressure  wheel.     Turbines  always  give  a  greate 
effect  for  an  open  sluice  and  full  discharge  than  when  the  sluice  f 


•   I 
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lowered  and  the  water  doeft  not  fill  the  lection   of  the  wheal*!  ^ 
ch&Dnelfl. 

When  turbines  work  under  water,  the  flow  ie  always  futt  through 
thein»  and  these  wheele  are,  therefore,  alwajs  rmeti&n  wheek*  A 
greater  efficiency  h  n&ttirally  to  be  expected  from  these  when  the 
elaice  m  fully  opened,  than  from  the  turbines  revolving  free  of  back 
water;  on  the  other  hand,  we  may  safely  aesume  thatj  when  the  sluice 
is  lowered  so  that  only  |  or  less  of  the  depth  of  wheel  is  open,  the 
efficiency  of  the  reaction  wheel  will  be  less  than  that  of  the  pressure  j 
turbine.  From  this  we  can  easily  understand  the  great  advantage 
of  introducing  the  horizontal  dividing  plates, 

Bmmrk.  All  the  <>lder  torbitie«  of  Fourneyron  were  pretttire  tuibinet;  but,  u  experienca 
periDtecl  o«i  the  grcflier  efficieiicy  of  the  reaciion  lurbinea,  aJ roost  all  twrbinea  are  now 
reduced  to  this  principle, 

§  155*  Mechanical  Effect  of  Turbines. — W©  can  now  calculate  , 
the  mechanical  effect  of  turbinee.  The  effect^  which  is  not  takeE| 
from  the  water  if  it  flow  from  the  wheel  with  an  absolute  velocity : 

^c/  +  p'  —  2  e,  tJ  COM,  a,  or  if  c, «  u,  w  i»  2  t?    * 


w 


i«^  J^i  =  ^«r 


4.^(.«^.|y 


2' 


% 


I  The  effect  which  the  water  loses  in  the  guidensurve  apparatus,  or  in 

I  getting  into  the  wheel,  is : 

I  .  A-r$«,-:(^y.g«. 

I  in  which  C  =  0,10  to  0,20,  aceording  as  the  wheel  is  provided  with 

I  guide-curves  or  not. 


The  third  loss  of  effect  is  ^ 


Qyi  and  consists  of  the  frietion 


and  curve  resistance.     The  resistance  in  passing  round  the  curve 
may  be  found  by  the  rules  in  VoL  I,  §  334.     The  corresponding 

loss  of  head  k  i;^  1 .  _  ,  (M\  in  which  jf  is  a  co-efficient  dependent 

d 
on  the  ratio  - —  of  the  half  of  the  mean  width  of  the  channel  to  the 
2a 

mean  radius,  t  the  central  angle,  F  the  sum  of  the  mean  section  of 

the  channels.     If  n  be  the  number  of  channels  or  of  buckets,  and  if 

e  be  the  mean  height  of  a  channel,  then  F  *m  nde^  and,  therefore, 

the  height  of  head  lost  by  the  resistance  in  the  ouxves : 

?,  -  0,124  +  8,104  (J-Y  (»s  in  Vol.  I.  §  334),  tben: 


268 


MICHAnOAL  BFFWI  Of  TUXBDm. 


•nd  the  lost  of  meehaaiMl  effect  eorresponding)  is ; 
i,-  r0,124  +  8,104  (^)i1 .  ^  .  -J-  -^J-, 
HT  putting  <y  —  (F,  t>)», 
X..[«.124  +  8,,04(^JJ]t.(i)-.g.«,. 

The  wheel  bnckets  consist  usnally  of  two  parts  of  different  ctinra- 
tnres,  and,  hence,  L^  would  be  made  up  of  two  items.  It  is  evident 
from  the  above,  that  this  source  of  resistance  increases  the  wider 
the  channels  are,  and  the  less  the  radius  of  curvature  a.  Hence  it 
is  advisable  to  make  /3  obttue^  so  as  to  diminish  the  curvature  of  the 
buckets,  which  is  also  advisable  in  respect  of  a  full  fio/w  through 
them. 

The  resistance  from  friction  is  to  be  calculated  according  to  Vol. 
I.  §  880.  If  C,  be  the  co-efficient  of  friction,  jp  the  mean  periphery, 
and  I  the  length  of  the  wheel  channel,  the  height  due  to  the  resist- 
ance from  friction : 

and  the  loss  of  effect  corresponding : 

de    \ndef     2g 


or. 


duced : 


if  I?  -  2  (d  +  e),  and  f,  -  0,0144  +  0,0169  J^^  be  intro- 


If,  lastly,  G  be  the  weight  of  the  turbine  in  revolution,  and  r, 
the  radius  of  the  pivot,  the  loss  of  effect  by  the  friction,  then,  is : 
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wbilet  for  wheels  workbg  under  w&ter  there  'm  &  loss  from  the  re$i$t- 
anc€  qf  the  nwdmm, 

Itemodk.  For  higfa  pre«tdr«  turbines  there  is  an  addliioiiBi]  louree  of  loii  in  the  resitt- 

nnce  of  ibe  flow  of  water  through  the  prrssure  pipe. 

§  166,  Comtrueti&n  of  Cruide-Curve  Turbines. — Let  us  now  eii* 
deairor  to  deduce  the  ruUi  neees&arj  for  planning  a  wheel  consist* 
eiitlj  with  the  above  principles.  We  may  of  course  assume  the 
quantity  of  water  discharged  Q,  and  the  fall  A  to  be  given ;  and  if, 
i  imtead  of  Q^  the  useful  effect  L  were  given,  we  might  then  at  least 
derive  Q  from  L,  and  the  efficiency  17  (about  0j76)  by  the  formula: 

Q  t»  —=—*     The  rematmng  quantities  r,  r,  a,  p,  t,  r»  n,  e,  &c.,  are 

n  Ay 
determined,  partly  by  discretion,  partly  by  experience,  and  partly 

.by  theory* 

The  angle  a  is  generally  assumed.  For  wheels  without  guide- 
curves  It  is  taken  as  90*^,  hut  for  wheels  with  guide-curves  it  must 
be  made  from  25*^  to  40°;  the  former  for  high  falls,  the  latter  for 
small  falls,  in  order  that,  in  the  former  case,  the  orifices  may  not 

|'l>e  too  large,  and  in  the  latter  not  too  small,  or^  in  order  that,  in  the 
former  case,  the  wheels  may  not  be  too  small  in  diameter,  and  in  the 
latter  not  too  great.  The  angle  ^  is,  ia  a  certain  degree,  fixed  by 
the  value  of  a.     That  the  water  may  enter  the  wheel  without  pres* 

'  sure  on  the  free  space,  we  must  have  ^  «  2  a ;  but  as  this  pressure 
diminishes  as  the  sluice  is  depraaaed,  in  order  to  prevent  negative 

I  pressure,  ^  is  made  greater  than  2  a,  and  probably  ^  =  2  a  +  30° 
to  2  a  +  50°  are  good  limits;  the  former  in  high  falls,  the  latter  in 
low  falk. 

The  ratio  tr «  —  of  the  internal  and  external  radii  of  the  wheel 

^^ftlls  within  the  limits  of  1,25  and  1,5,     For  reasons  easily  under* 
1,  the  smaller  ratio  is  to  he  chosen  for  large  values  of  ^^  and  for 
wheels  of  considerable  diameter,  and  vic4  ver§d. 

In  order  further  to  determine  the  radius  of  the  wheel,  snd  of  the 
reservoir,  we  shall,  as  is  the  case  in  the  best  turbines  hitherto  made, 
require  fulfillment  of  the  condition  that  the  velocity  of  the  water 

I  in  the  reservoir  shall  not  exceed  3  feet  per  second.  If  we  adopt 
this  velocity  aa  ground  work  of  our  calealation,  and  leave  out  of  the 
question  the  section  of  the  upright  pipe  encasing  the  axle,  and  that 

[of  the  sluice,  then  Q  =  3  i*r^',  and,  therefore,  inversely,  the  radius 

[of  the  reservoir,  or  the  internal  radius  of  the  wheel : 

0,326  %/Q,  when  r,  is  in  feet,  and  Q  in  cubic  feet* 


Trom  this  ndius  we  get  the  external  radiuB  r^*ri.    The  velocity 
at  the  iimer  periphery  of  the  wheel  is  determined  bj  the  formala: 


V 


3  nn.  fi  cos, » 


+  f 


Un.(tf  — •)/  ^     \rj 


270 


CONSTRtrcrrON  OP  OUIDE-CITBVE  TURBINES. 


into  which  we  mtist^  in  the  first  plmee,  introduce  an  approximate 
value  of  w.     From  thiSj  however,  we  get  the  velocity  of  discharge:^! 

c  -=  —r-^^n — ^1  *^<^  ^^®  Beciion  r  »  —  v  *  ^     —^  %   further, 


— ,  and  the  section  F  =  —  s 


«i  nn,  /s 


the  velocity  of  entrance  c,  » 


c  ^n.  a 


and  the 


ee^J 


sin,  &        sin.  (^  —  a) 
Lastly,  the  velocity  of  the  external 


[periphery  of  the  wheel,  and  of  the  exit  from  it:  t?  »  c,  »  — 1?„  and 
-the  contents  of  the  united  orifioea  of  discharge  from  the  wheel; 


Q 
^ 


-k 
r 


-^^  J.  .  —     Besides  this,  we  ascertain  the  numhe 
of  revolutions  of  the  wheel 

mm,  to  be:  u^  ^-^  ^^  9,55 
rt  r  r 

In  order  to  find  the  heigl 

of  the  wheel,  or  of  the  orifice 

we  pursue  the  following  method 

If  Wj  be  the  number  of  guidi 

curves,  and  d^  the  least  distance 

AN  (Fig.  271),  between  any 

two  of  the  guide-curves  at  tl 

entrance  on  to  the  wheel,  thei 

*i J  £?,  €  =s  F,     If,  further,  rfj  am 

e  be  in  a  determinate  proportion 


/ 

£ 

v_^ 

X 

x^i 

1 

to  each  other :  4,  i 


then 


n^^j^  dj*  =  J";  and  if  s  be  the^ 
thickness  of  one  of  the  guide 
curves^  we  may  put  with  toler 
ble  accuracy : 
J        MM.  2  ft  r.  Btn^  m 
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§  157.  We  have  Btill  to  deduce  rules  by  which  to  calculate  the 
number  of  wheel-buckets,  and  the  dimensions  of  the  orifices  of  the 
wheel.     The  orifices  of  discharge,  the  united  area  of  which  is 

F,  a  ^,  is  not  the  outer  periphery  of  the  wheel,  but  the  section 
(r 

.B.Dj  BJ)^j  &c.,  through  the  outer  end  of  the  buckets  jB^  B^  ftc. 
(Fig.  271).  Again,  for  r  in  the  above  formulas  we  are  not  to  under- 
stand the  radius  of  the  outer  periphery,  but  the  distance  Cilf  of  the 
(*entre  of  the  orifice  B^D  from  the  axis  of  rotation,  and,  in  like 
manner,  v  is  not  the  velocity  of  rotation  of  jB,  but  of  M.  If,  now, 
h  be  the  angle  SMT^  which  the  axis  of  the  stream  flowing  through 
BD  makes  with  the  tangent  MTj  or  the  normal  to  the  radius 
<7Jlf  a  r ;  and,  further,  if  n  be  the  number  of  wheel-buckets,  •  their 
thickness,  d  the  width  B^D  of  the  orifices  of  discharge,  and  4  the 

ratio  -,  we  may  put  inde^n^JPwm «  F^  therefore,  inversely, 

d  4 

the  number  of  wheel-buckets  n  a  ^i^.    Again,  as 
2Hr»in.6  —  n8^ndwm  —^  ^, 

we  have  for  the  angle  of  discharge  fin.  a  b     o    \a    * 

This  angle  6  should  not  in  any  case  be  more  than  20^,  and,  there- 
fore, if  it  comes  out  more  than  this,  by  the  latter  formula,  some  one 
or  more  of  the  elements  composing  it  must  be  changed.    Thus,  for 

T         0 

example,  for  this  purpose  F,  s  JL  .  -^  may  be  made  less,  t.  e.,  v,,  or 

which  amounts  to  the  same,  the  difierence  between  •  and  p  may  be 
made  greater.  Some  engineers  have  endeavored  to  keep  9  small, 
by  making  the  wheel  deeper  at  the  outside  than  in  the  inside,  giving 
two  values  to  e  (Fig.  269).  This,  however,  has  the  disadvantage, 
that  full  discharge  is  thereby  interfered  with — at  least  in  wheels 
revolving  free  of  back  water,  and  that  the  water  follows  the  wheel 
shroudings  when  these  diverge  from  each  other  to  any  considerable 

extent.     As  to  the  ratio  4  b  --,  its  influence  on  e  and  6  is  but  trifling. 

d 

It  is  within  the  limits  2  and  5  in  wheels  giving  good  results.     The 

small  value  refers  to  small  wheels,  and  vice  vend;  for,  otherwise,  the 

channels  fall  out  too  wide,  and  the  full  flow  is  liable  to  be  lost. 

§  158.  Construction  of  the  Bucket. — The  buckets  are  generally 

circular  arcs.     For  the  guide-curves  one  arc  is  sufficient ;  but  for 

the  wheel-curves,  or  buckets,  two  arcs,  tangential  to  each  other,  arc 

usually  required.     How  to  fix  the  radius  of  these  arcs,  and  how  to 

combine  them,  may  be  explained  as  follows:  With  CM  =  r.  Fig.  272, 

describe  a  circle,  draw  the  tangent  MTj  and  upon  it  set  off  the  angle 

of  discharge  SMT^  J,  as  determined  above.     Draw  MO  at  right 

angles  to  MS^  and  set  off  on  each  side  of  My  MD  *■  MB^  ^  \  d. 
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Now  draw  the  radius  CB^,  and  from  C  Uj  off  tte  angle  B^CB  ■■ 

&8  detormined  by  the  fonnala 

Cj  aa  centre,  draw  circles 
through  Bj  and  A  The  fii^t 
of  these  circles  gives  the  exter- 
nal periphery  of  the  wheel,  and 
the  points  B^  Bj,  kc*,  are  the 
outer  ends  of  the  buckets.  If 
we  draw  BO,  so  that  BOD^ 
BCB^  s=  t,  we  have  in  O  the 
centre,  and  in  BO  =^  DO^  the 
radius  of  the  arc  DB  forming 
the  outer  portion  of  the  bucket. 
If  we  make  B^O^  =  DO,  we 
have  the  centre  O,  of  the  outer 
piece  B^D^  of  the  next  follow- 
ing bucket,  Ac.  &Cp  The  radius 
OB  *-  OD  «  a  of  the  arc  BD 
may  be  also  determined  by  solution  of  the  triangle  MOM^.     We 

have:   J^  =  !$L:^i^,  but  the  cord  ^3f,  -  2  r  siV  * 
MM^      Bin.  MOM^  2 

MOM^  »  f,  and  MM^O  ^  90  +  ^  —  ^,  therefore, 


2  r  sin. 


3—. 


r  COS. 


OM. 


i'-i) 


s%n.  f 


and  the  radina  a  required 


f  cot* 


(-1) 


^d. 


cos,  -^ 

2 

By  this  method  of  construction,  the  end  B^  of  the  bucket  is  quite 
parallel  to  the  element  D  opposite,  and^  therefore,  the  stream  ftowa 
out  without  contraction.  If  this  parallelism  be  not  effected,  it  is 
always  disadvantageous;  if  the  tangents  to  B  and  D  diverge  out- 
wards, there  is  danger  of  losing  the/tt^^w,  and  if  they  convargej 
there  arises  a  partial  contraction,  and  the  stream  then  strikes  upon 
the  outer  surface  of  BD  (Voh  L  §  319). 

The  inner  piece  D^  of  a  wheel-bucket  may  generally  be  formed 
of  one  arc  of  a  circle.  The  radius  KD  =  KJ  ■=  a^  of  this  circle  is 
found  as  follows :  In  the  triangle 

CMK,  CM^  r,  MK^  a^  +  f  and  /  CMK^  SMT^  «, 
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.•.CA»-r*  + 


(«.+  D-2r(«.  +  |)co,.«. 


In  the  triangle  C^K^  on  the  other  hand,  CA  »  r^  AK  ■■  a^  and 
CAK^  180°  —  0,  therefore,  CX>  -  r/  +  a,*  +  2  r.  o^  cot.  p.  By 
equating  the  two  expressions,  we  have: 

r*+flid  +  -j 2ra.  co*.  d  —  r  d  cot.  a  «-  r,'  +  2  r  a  cot.  /I, 

4 

and  hence  the  radius  required: 

r* — r* — rdcoM.  *  +  -j 

*"2  {rcos.  h  +  riC0t.j8)  — d 
As  to  the  arc  to  be  adopted  as  the  ourature  of  the  goide-enrres, 
we  get  its  radius  and  centre  by  drawing  AL  at  the  known  angle 
o  to  the  tangent  AH  of  the  inner  circumference  of  the  wheel.  Raise 
a  perpendicular  .^G  to  it,  and  cut  this  in  G  by  another  normal, 
raised  from  the  iniddle  point  E  of  the  radius  CA*  This  point  G 
is  the  centre  of  the  guide-curve  AF^  which  may  be  drawn  either 
quite  up  to  the  case  pipe  of  the  axle,  or  to  within  any  conTenient 
distance  of  it.      The  radius   GA  »  GC  *■  a,  of  this  bucket  is: 

''•"  2  COS.  a 

The  centres  of  the  arcs  forming  the  outer  arcs  are  in  circles  de- 
scribed with  the  radii  CO,  CiBT,  and  (76?. 

ExampU,  It  is  required  to  determine  all  the  proportions  and  lines  of  oonstmction  of  a 
Fourneyron's  turbine  for  a  fall  of  5  feet,  with  30  cubic  feet  of  water  per  second.    We 

shall  take  «  s  30^,  and  B  a  110^  and  adopt  the  ratio  1  bb  *  s  1,35.    This  being  as- 

^1  

sunned,  we  have,  from  the  rules  above  Riven,  the  internal  radius  r^  ss  0,326  ^Q  ss  1,785 
feet,  for  which  we  take  1,8  feet  Hence  r,  ^  CM  (Fig.  272),  the  external  radius 
BB  1,8  X  1,35  ss 2,43  feet,  for  which  we  shall  put  2,45.  The  width  of  the  shrouding, 
therefore,  measured  to  the  centre  of  the  orifice  of  discharge,  ss  2,45 —  1,8^0,65  feet 
Neglecting  prejudicial  resistance,  the  best  velocity  of  the  wheel  is: 

y  ,ss  v/yA(l  —towg.  aorty.g)  «=\/5.  31,25  (I  +  <awg.  30°  cot^.  7U°) 
a  V^156,25  .  1,21014  s  13,75  feet, 
but,  taking  these  resistances  into  account,  if  (  ss  0,18  and  «  ss  0,06 : 

2i* 


■J 

■4 


2  JM.  /?  COS . 

tin. 


Llf^  +  0,18(       "^-^       Y+0,Q6(lV 


2  .  31,25  .  5 


2fw.U0°cM.30° 
m.80« 


1.  0  18  C?!LJi2iy  +  0,06  .  1,4« 


-    /  ^^^-^  /iill  =  12,71  feet, 

W  1,6527 +0,1639  +  0,1176      Vi,9342 
and  then  v  ■■  c^  ^  *  v«  >■  1,35  .  12,7 1  «&  1 7,1 5  feet.    The  velocity  of  discharge 


v,ri^B     _>8.'l'<--'0»_,  12,13  feet 


«m.(«  — a)  mi.  80° 

The  number  of  revolutions  per  minute  is  «  bb  9,55 .  -i  ^  -I — \ — I —  as  67,4. 
^  r,  18 

From  this  we  have  the  areas  of  the  orifices  of  discharge: 
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J*«.^».^.2^73tqQare/b6t,miidF««.Sa.^«i-|^»  1,748  iqaue  leet 

e       12,15  ff       V        17,19 

Astomiog  the  thickness  of  the  baekett  to  be  2}  lines  ivO/)  17  feet,  and  soppceing  tba  t 

the  ntio  of  the  depth  to  the  width  of  the  orifkaes  4t  ^  7  ■■  f*  ^"^  Imi^w  m  the  recjniiile 

nnmber  ofbnokeU! 

^  _4.(ayr,nii.>-<,f,)«       8.(5,655— 0,017 <,y^ 

*  F  2,473.  • 

and,  henee,  we  have  as  the  height  of  the  wheel,  or  of  Uie  orifloes : 

« I 8.473      ,,^.o^808fe.t 

2  V  r,  sin.  «—fi,«,       5,655  —  0,51        5,145 
Supposing  4  *"  f f  (he  number  of  buckett  would  be: 

imii!in  tllZli. -!!!!-»  37,8,  for  which  we  may  adc^t  36.    From  this  we 

f*  0,4808«        0,2311  /        r 

get  the  required  angle  of  discharge: 

^  i^J'«(g+40         1,748(0,4808  +  0,017.5) 
~      2»r^      *        2 ».  2,45 . 0,4808* 
.  j!ZliL^5?!L«0.2780,  consequenUy  I—  16«,  8',  and 

d  mi  £•  — -i£l?_  «  0,1010  feet 
»<      36.0^808 
If  the  turbine  is  to  be  dear  of  the  back  water,  it  must  be  raised  a  eertaia  be^t  above 

the  surfiMW  of  the  tail-iaoe;  and  as  the  half  height  of  the  wheel  Xm  0,2404  feel,  this 

distance  may  be  estimated  at  0,5  ibet    If  this  excess  of  fkll  does  not  exist,  then  ibe  cal- . 
culations  must  be  based  on  a  fall  of  4)  feet,  instead  of  on  that  of  5  feet.    In  order  to 
judge  of  the  loss  of  water,  we  have  to  find  the  amount  of  x,  the  excess  of  presfoie  of  the 
water  passing  under  the  sluice.    We  have: 

«»A— (1  +  0  i!...  5— 1,18  .  0,016. 12,13*aB5  — 2,7781*2,222  iee^ and  the  vek>- 

city  corresponding  ■■  7,906  ^^2,222  ■■  1 1,78  feet.    If;  tbereibre,  the  space  batvaap  the 

wheel  and  the  bottom  plate  be  ^  inch,  its  area  is:  2  .  1,8  .  v  .  j^,  ~  is 0,0393  tquare 

o 
feet,  and,  therefore,  the  quantity  of  water  escaping:  Q, am  11,78  . 0,0393 iv  0,46  cubic 
feet  To  diminish  this  loss,  which  will  be  the  less  the  lower  the  sluice,  the  fttmg-^  of 
the  wheel  must  be  very  accurately  done,  so  that  the  space  between  the  wheel  and  bot- 
tom plate  may  be  as  small  as  possible;  or,  by  increasing  c  and  making  $  less,  x  moat  be 
reduced  as  low  as  possible. 
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tnoe  in  th^  giiido<mrTe9»0,18  ^»  0,18  .  0,16  .  12,13" »  0,423  feet.    The  Iom  of 

fall  ariung  ftom  the  hydnalic  retlMuieet,  may  be  ettimated  at  ibilows :  From  an  aoen- 
rate  drawing  of  the  wheel,  and  the  results  of  the  calculations  given  above,  it  will  be 
Ibund  that  each  wheel  channel  consists  of  two  parts,  of  which  the  one  is  0,11  feet  wide, 
and  0,2  long;  the  radius  2,35 feet, the  central  angle  4}^,  and  the  other  is  0,21  feet  wide, 
and  0,95  feet  long,  the  radius  of  curvature  0,755  feet  and  central  angle  of  71^,  38'. 
From  this  we  deduce  the  oo-efficient  of  resistance  for  the  smaller  part : 

f.«i0,U4  +  8,l04(i-)J -10,1244.  3,104  (^)J  — 0,124 

and  for  the  larger :  (.  »0,124  4.  3,104  .  (2:^\i^  0,127.    Again,  the  angle  ratio  for 

\l,ol  / 

the  first  part  is  1  ^  ^L.  ■■  0,025,  and  for  the  second  11:^  ^  0,398.     Again,  the  sec- 

w       180  180 

tionofthefiiMisJll..- riiZl »  0,91 8,  and  for  the  second  part 

nd€      36.0,11.0,4808  ' 

1  748 

^  * — . .  ■■  0,481,  and  hence  we  have  for  the  oo-efficient  of  the  whole  resist- 

36  .  0,21  .  0,4808 
ance  arising  ftom  curvature : 

s. mm  0,124  .  0.025  .  0,918>+  0.127  .  0.398  .  0,481*»  0,0026  +  0,0117  »  0,0143. 
Further,  the  co-efficient  of  friction  in  the  first  part: 


f,«0,0144  4. 0,0169    /l^«  0^)1444. 0,0169  P  '  ^^"  '^ 
W    Q  W  30 


.  0,4808 


—  0,0187,  and  for  the  second  wm  0,0144  4.  0,0169    /31i.0^iJM808  ^  ^^^^      .^^ 

>l  30 

ratio /'l±i'\  /for  the  first  part  .      0,5908.0,2     ^n^  .„j  f„  ^^  ^^^^^^ 
\2de/  ^         2.0,11.0,4808 

0  6908    0  95 

■■  --—2^ 1-.' ^  3,200,  and  from  this  we  have  the  co  efficient  of  friction  for  the 

2.0,21.0,4808 
whole  channel : 

««■■  0,0187.  1,117  .  0,918*4-0,0203  .  3,250  .  0,481*»0/)176  4- 0,0152  ■■0,0328, 
and  hence,  lastly,  the  co-efficient  for  all  the  resistances  in  a  wheel-channel  is : 
a  aBB.  4-  El  M  0,0143  4-  0,0328  ■■  0,0471,  and  the  loss  of  fkll  corresponding  to  this 

BB  M  .  ^  MB  0,0471  .  0,016  .  17,15<  as  0,222  feet  The  three  losses  of  fhll  just  esti- 
mated ^  0,371  4-  0,424  -{-  0,222  as  1,017  feet  «nd  thus  there  remains  of  the  total  eflect 
at  disposition,  QAg^30.5.66^  9900  feet  Ibi.,  only 

Pv  H  30  .  (5  —  1,017)  66  H  7886  lbs.  as  kk/W  effect  There  is,  however,  some  por- 
tion of  this  consumed  by  the  fHction  of  the  pivot  If  the  weight  of  the  wheel,  kc, 
be  2000  lbs.,  and  supposing  the  radius  of  the  pivot  ■■  1}  inch,  and  the  co-efficient 
of  friction  0,075,  the  mechanical  effect  consumed  by  the  friction  of  the  pivot 

s-V  69,  »  — L. .  0,075  .  2000  .  12,71 «  132  feet  lbs.   (Suppose  the  co  efficient  of 

r,  8  .  1,8 

friction  0,12,  which  is  more  likely,  then  the  friction  s  210  feet  lbs.)  The  useful  effect 
available,  directly  at  the  axle  of  the  wheel,  is  then  : 

X  as  7886  ^2 10  MB  7676  feet  lbs.  as  13,9  horse  power.  If  we  assume  0,5  feet  lost 
besides,  by  keeping  the  wheel  flree  of  the  water  in  the  race,  then  the  efficiency : 

,-_£-- 7676_  ^o,7b5.» 

Qhy      30.5,5.66 

§  159.  Turbines  tinthout  Chiide^Ourvei. — The  proportions  of  tur- 
bines without  ffuide-curyes  are  only  partly  deducible  in  the  manner 
of  turbines  with  guide-curyes.     The  angle  a  is  in  these  90^,  and  the 

*  [It  will  be  observed  that,  in  working  this  example,  we  have  retained  the  co-efficients 

applicable  to  the  Prussian  weights  and  measures,  via.: «■  0,016,  and  the  weight  of 

2g 
the  cubic  foot  of  water  66  lbs.,  for  which  the  smdent  can  at  pleasure  substitute  0,0155 
and  62,5  respectively,  also  8,02  for  7,906.— Ax.  £0.] 
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angle  ^  ■■  150^  to  160^,  in  order  to  haye  x  as  low  as  possible.  The 
ratio  r  as  —  is  only  1,15  to  1,80,  as,  otherwise,  from  /3  being  so 

large,  the  length  of  backet  would  be  inconvenient.  In  order  to  have 
the  loss  of  mechanical  effect  for  the  entrance  on  the  wheel  as  low  as 
possible,  the  water  is  laid  on  to  the  wheel  with  a  velocity  of  only 
2  feet,  and  hence  the  internal  radius  r^  is  only  0,4  ^  Q,  and  the 
external  radius  r  «■  »  r^  ■■  0,4  r  v^Q. 

The  best  Telocity  of  rotation  is  also  to  be  calculated  by  a  different 
rule,  as  the  formula : 


"V 


^k 


2  tin.  0  COS.  a, 


+  f 


an.  (3 — a) 
which  in  this  case  has  the  form: 


W(0  — a))  "*""\r,) 


v/.- 


2gh 


tang.  0»  +  » 


0 


giyes  too  great  values.  The  reason  of  this  is,  that  the  condition  of 
making  the  velocity  of  discharge  »  0,  does  not,  on  account  of  the 
prejudicial  resistances,  lead  to  the  maximum  effect  bein^  produced ; 
and  it  is  only  for  turbines  with  guide-curves,  that  the  fulfilment  of 
this  condition  gives  satisfactory  approximations  to  this  maximum. 
On  the  other  hand,  for  turbines  without  guide-curves,  and  in  all 
cases  in  which  a  is  nearly  90^,  the  influence  of  the  prejudicial  re- 
sistances on  the  working  of  the  wheel  becomes  too  great  for  its 
being  possible  to  assume  that  «7 »  0,  or  v  ■■  c,.  In  order  to  find 
the  least  velocity  for  these  wheels,  we  adopt  the  following  method : 
We  have  already  (Vol.  11.  §  147)  found  that 

COS.  a  —  f  c*^  and  ns 
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1    /ighJ,-v»\\—i(Ti>itang.fS^'\ 

-'-(-••  V ^^-TVT^ --•'Yt 

and,  therefore,  the  effect  to  he  expected  from  the  wheel : 

If  we  pnt  4  for  1  —  f  (-^  tang.  fi\  and  t  for  j  then  we  have, 

more  wmply,  X  —  (r  ^/2grA  +  4t^  —  ♦  O  — . 

In  order  that  this  value  may  give  a  maximum,  we  can  deduce  by 
the  hiffher  calculus  that  t  9  ■■     ^  -  or,  if  we  represent  the 

ratio  of  the  height  due  to  velocity  —  to  the  pressure  height  A,  that 

no  ________ 

is,  ^  by  «,  then  i±i4-  ♦,  and  hence,  x  ^»~^»'~^.    If 

from  this  we  have  got  «,  we  have  for  the  velocity  v  »  y/x  •  ^A, 
r,  ■■  ^  r,  c  ■■  — v^  tang.  P,  and  <?,»  \jg+A — .  Hence  the  sec- 
tions jPbb  -^y  and  F3  »  -r,  and,  lastly,  the  height  of  the  wheel,  or 


e 

F 


of  the  orifice  e  » 


2Hr^ 


The  other  proportions,  as  the  construction  of  the  buckets,  fcc.  fcc., 
do  not  differ  from  those  of  turbines  having  guide-curves. 

Biimark.  Strictly  speaking,  turbiiiM  with  guidfr<»irvefl  should  also  be  treated  in  this 
manner,  but  as  the  expressions  are  verj  complicated,  and  lead  to  a  ralue  of  21^  which 

V 

differs  very  little  from  unity,  we  have  deemed  the  investigation  unnecessary. 

Exatnfk,  It  is  required  to  noake  the  necessary  cakmlations  ibr  the  design  of  a  turbina 
on  Cadiat's  plan,  for  a  fall  of  5  feet,  with  30  cubic  feet  of  water  per  second.  Assuming 
tfKl50^faB  1,2, and  r.«B0,4^H0,4v^"> 2,19,  which  we  shall  make  2,25,  and, 
hence,  r»  1,2  .  2,25  a  2,70  feet.  If,  further,  {■»  0,1 5,  and  sbbO,10,  and  >«■  16^,  then 
4  ■«  1  —  C  (!jy .  tamg,  B'wm  1  —0,15  .  (<««g'  30O)*  ^  i  _o,035  -B0,965,and 

s  s  y^ldt±  » !^^!d.  «■  1,091 :  and,  therefore, 
^         COS.*         cof.l6® 

a+^^«— +•         1,93.0,475 

VOL.  n. — 24 
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From  this  we  haya  the  most  advanlageouB  yekxsity  of  rotation 
r  as  —  V,  towg.  g  =  12,08  ttmg.  30^  k  6,97  feet,  and 


7,906  v/9'a  14,50  feet    Again,  v,  a.  -  «.  ii:^  a 


12,08  feet, 


.  J^+iZ  _  J!!!I±!^  _21.65  fe«; 


30 

I SK  4,304  inuare   feot  ftod    the   aecCioB 

6,97 

^  1 ,386  aquaie  feet    Henoe,  again,  wt  have  the  height  of  the  wheel : 


and  DOW  we  have  the  aection  JT  «■  _: 

F^Q^     30 
•      f,       21,65 
F  4,304 


. -  -  HiOiSOi  tec,  and  if  we  taka  for  the  orifices  6f  discharge  of  the 

Sarri      3^3,25. «r 

wheal,  the  proportional  dimansiops  1  bb  f,  we  have  fbr  the  namber  of  backets: 

d 

nmmt^  ^lll^^^IlHl.  ^  30.    If  tbethicknesa  of  the  backet  platea  sa=0,017 

^  0,304  0,0984 

feet,  we  hare. as  the  angle  of  disohaige : 

Jin.!      -^i— **'      1,3(16  —  30.0,304.0,017  1,226  ^^^ 

"    ^  ™         3  .  2,7  .  0,304  w  ■*1,6416  ,  ■*   "^  • 


andy  hascef  v> 


Sarrc 
il3i<>.    At  we  I 


Bed  above  that  ibr  4  »^^  +  *, » . 

CM.  > 


:  16^,  Ae  velo- 


oitits,  teotiooal  areas,  &&,  just  foand,  will  be  slightly  varied  hj  the  iotioductioa  of 
lat  13}^    The  effidenejr  of  this  wheel  is: 

,-/l,(^-4)i;)         1       .^/l-0,281.178,5x ^ 

A  ^*/f^T+»       ^  ^^^'^^  ;  1,116. 3,040 

1       0,381  ^  0^6 —  ^  0,578,  the  co-effident  7,906  being  taken  ibr  Prussian  measures, 
1,17  1,17 

a4  in  last  example. 

For  the  same  fall,  a  Foumeyron's  turbine  gave  an  efficieooyvaB 0,705. 


(See  example 
to  last  paragraph.) 

§  160.  Whttelaw's  Turbines. — The  Scottish  turbine  has  to  be 
treated  differently  from  that  of  Gadiat,  inaamach.  as  the  water 
enters  the  wheel,  in  great  measure,  in  a  manner  inyolying  shoekj 
and  because  in  these  turbines  the  dimensions  and  form  of  the  wheel- 
channels  are  much  more  arbitrary  than  for  the  other.  The  angle  5 
be  made  much  less  in  these  than  in  the  other  forms  of  tarbine. 


I'll; 
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27» 


divides  itself  to  rtm  in  «o  tnanj  different  directions.  It  may  he 
■agumed,  without  nnich  risk  ^f  error,  that  f  =  0,20,  As  the  arms  or 
wheel  chajanela  are  eooaiderabl;  kmger  than  in  any  other  turbine* 
we  must  take  a  higher  value  for  «,  and  assume  it  at  least  0,15. 

The  arms  are  generally  curved  according  to  the  Archimedian 
spiral;  they  may  he  curved  to  the  form  ABI)^  Fig,  272,  composed 
of  two  circular  arcs,  AB  and  BD.  For  this^  the  orifice  of  the  inlet 
pipe^  or  internal  periphery  of 

the  wheel,  is  divided  into  as  ^^^  ^'^^' 

many  equal  parts  as  there  are 
to  he  arms — tliree  in  the  case, 
Fig.  27  3^  ^t*d  fr<>"^  ®^ch  of 
these  draw  the  line  AS^  mak- 
ing the  angle  ^  with  the  tan- 
gent at  that  point ;  or,  for 
example,  make  SAC 
=  270*^  —  ^^  ^  90^  +  ^^,  then 
with  the  external  radius  r,  de- 
scribe a  circle,  and  divide  it 
into  as  many  equal  parts  as 
there  are  to  be  arms,  but  so 
that  between  the  two  points  A 
and  2>  of  the  two  peripheries, 
a  central  angle  of  about  135^^ 
160*^5  or  180°  is  included,  according  as  the  number  of  arms  is  4,  3, 
or  2,  The  direction  of  the  axis  DT  being  laid  off  in  such  manner 
that  the  angle  CD  T  equals  about  80°,  we  find  the  centres  M  and  0 
of  the  arcs  AB  and  BD  forming  the  axis,  by  bisecting  the  angles 
SAP,  TBA  by  the  straight  lines  AB  and  BB ;  then  draw  ST 
parallel  to  ADy  and  AM B.t  right  angles  to  AS,  BO  at  right  angles 
to  ST^  and  BO  at  right  angles  to  J)T.  We  see  the  reason  of  this 
at  once,  if  we  consider  that,  by  division  of  the  angles  SAB  and 
TBA^^nd  by  drawing  the  parallel  ^S^T,  the  angles  JlfS^  &Tid  3IABy 
and  also  the  straight  lines  MA  and  MB,  are  made  equal  to  each 
other,  that  in  like  manner  the  angles  ODB  and  OBB^  as  also  the 
lines  OB  and  OB^  are  made  equal  to  each  other* 

To  find  the  outsides  of  the  pipes,  BG  is  made^^DJffaB  the  half 

width  of  orifice  -,  and  FN  is  made  ^  JOT,  and  the  arcs  HK  and 
2  * 

QF  are  drawn,  so  that  the  width  <}H  gradually  passes  into  FK,  &c. 

EiampU.  Bequired  to  design  a  Secrilish  turbine  Tor  &  fsLL  of  I£»0  feet,  with  a  supply  of 
water  of  1}  cubic  feet  per  tecond.  In  ibe  fltat  plq.ce,  the  intejmiil  mtlUit 
r,  ^  0,«3  ^"Q  ^  0,33  ^V^^  0,98?  f^t ;  but  we  sbal  I  pui  it  =  0,3  feet,  and  the  diameter 
of  ihe  preifure  pipe  0  inehe*,  or  0,75  feet ;  we  eholl  he?e  o«i(y  two  mtn%^  mud  mike  ih« 
^tern&l  tadiuA  r  &=  4  .  r,  =  1,2  feel.  We  «baii  put  ^s  150*^,  ftnd  Is  10°,  khJ  mMume 
»  =  0,15,  mnd  ^  =  0,25,  hence: 

4,=  1  —  0,24S  .  /!iY  ttmg,  r«=  1  —0,25  ,  |Tj  (furtf . 30°)' «» 1  —  0,0052  =  0,&94 8, »jad 
cm.%  tot.  10° 
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or  the  Ikll  A  MB  ISO,  the  fhction  of  the  water  in  the  9  inch  pipe,  whidi  mmy  be  pnmimed 
to  be  300  feet  long,  coofumet,  aooording  to  YoL  L  SS  331  and  333,  an  amount: 

,-0,0313. 0,016.(1)'. ^-0,0003408.   ^ij  ,^^0  .  US^ 

—  0^)003408  .  1,021  .?2Li^— 0,03408  .  1,631  .  ^  i 

mait  only  intiodnoe  kwm  148,95  feet  in  our  calcnlationt.    For  the  most  adTantageooi 


0,76» 
I  1,05  feet;  therefore,  we 


»  — y/fi  — 4        1,089  — v/1,1858  — 0,9948       1,089  —  0,437       ^^^^ 
a^V't*-^^^  1,9896  v^0j9i  0,W9t 


I  ^/0,75  .  02,5  .  148,95  —  83,56  feet,  v. »L  30,89  feet; 
c^f^Pb  taNf.  f  ■■20,89  Umg.  aO*  — 13,06  feet;  and 
^^''^t^,-^^E^.J^;fg^„  118,89  feet     (Pro-ian.) 


Fn«n  ihii  we  have  the  leetioaa:  J^  ■■  ^  i 


;  0,1244  sqoare  feet,  and 


1,5 
c       '  12,06 " 

i^g  ■■-:■■ — ! — ^0/)1363  square  feeL    From  this  again  we  have  the  height  of 
c^      118*83 . 

wheel  «  ««  JL  -.  ^'^^  IK  0,066,  and,  lastly,  the  width  of  orifice : 
2vr|         0,6  V 


0,01363        0,01363 


B  0,0956  feet  as  1,15  inches.     In  order   to   haTe  a 


lit       a.  0,066         U,133 

greater  ratio  —  between  the  sides  of  the  orifices,  we  should  have  to  introduce  more  arms 

d 
or  wheel  channels ;  but  as  the  channels  are  very  long,  even  the  above  proportion  would 
be  round  to  insure  ufiMjlow  through  them.    The  efficiency  of  the  wheel,  neglecting  the 
friction  at  the  joint  and  losses  in  the  pressure  pipe,  is : 

"=[l-(t'-+)2x] 1= 


=r  (1  —  0,191  .  1,5) 

g  161.  Coni 


0,7135 
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Fig.  974. 


JZnvMnt.  la  the  <mm  of  oitt^ni^  wiilioat  guid^^nnrea^  dfrpeckll/  wben  the  laU  j»  bigk 
tbe  water  leaving  the  wheel  reiabt  a  consider- 
able mbtolutt  Tolociiy'  w?  ^  f,  —  f»  ftnd  hence  a 
DOtable  ftnKMim  of  vtt  t«Mt  ia  lost  Thi»  lota  m«x 
be  Bvoukdi  or  al  lestt  inudi  dimiru^j]^,  if  the 
ni  vn^  of  tbe  worer  ] earing  the  turbjne  be  npptieil 
WJ  a  fecond  wheel  M.  Ahhanft,  of  ihe  Sain  Iron 
Works,  baa  ptii  thb  into  pn»cfice  at  a  miLI  near 
Ehrenlmitatein.  The  eaeentiat  [mtl  of  the  con- 
ftnictiqn  of  lliit  wheel  i«  represented  by  Fig.  274. 
AKA  it  m  rc?actk>n  wheel  with  Tour  curvetl  dl*- 
etsarfe pipefl,  the  fall  being  120  feet  (compare 
f  147)^  BB  is  a  larger  wheel  wiih  curved  baekeifi, 
»et  i[>  tuoiion  by  the  water  dijobarged  al  *J»  ^. 
A I  the  wheels  revolve  in  oppc«ite  directions,  itiey 
have  to  be  oontrected  with  eadi  other  by  revers- 
ing goring.  The  outer  wheel  haa  this  further 
advantage,  that  it  adds  to  the:  By,  or  reitulaiint; 
power  of  the  macbitie.^  (jSw  •*  Inner-u^iitirrei- 
chischea  GewerbebiRtC^  Jahrgang  9,  1843.) 

§  162,  Expertm^nU  on  Turhinei. — Numberless  experiments  on 
turbines  of  the  different  forma  we  have  now  been  discuBsing  are 
extant,  but  the  reported  results  are  not  all  trustworthy.  These 
recipients  of  water  power  are  in  many  respeeta  admirable  machines^ 
but  to  suppose  that  an  efficiency  =  5,85  to  0,90  has  been  obtained 
from  them,  arises  from  some  mistake.  As  the  discharge  of  water 
through  the  most  perfectly  formed  orifice  has  a  velocity  co-efficient 
f  =  0,97  (Vol.  I.  §  312),  there  must  be  a  loss  of  mechanical  effect 
at  entering  the  wheel,  represented  by 

c* 
^,      0,06—  Qy*    Ae,  ftg^i^t  ^^^  friction  of  water 

in  a  pipe  six  times  aa  long  as  it  is  wide,  consumes  (YoL  I.  %  SEl) 
0,019  ,  6  *  Hi  Q  Y  "  0,114 1-  Qy,  or  11,4  per  cent,  of  the  avail- 
able fall  (as  —  ^  ~  nearly  =  h\  we  see  that,  deducting  these  re* 

sistances,  there  remain  only  83  per  cent,  of  effect  over.  If  we 
allow  only  2  per  cent,  for  the  resistance  in  the  curved  conduits,  2 
per  cent,  for  shock  on  the  ends  of  the  buckets,  and  3  per  cent,  for 
the  mechanical  effect  retained  by  the  water  discharged,  and  neglect- 
ing all  other  sources  of  loss,  such  as  is  involved  in  the  guide^urves, 
&c.^  there  remain  only  76  percent,  of  useful  effect,  and,  therefore, 
a  turbine  that  gives  us  an  efficiency  ig  =  0^75,  may  be  considered  as  a 
Very  excellent  one.  The  experiments  of  Morin  and  other  impartial 
persons  give  results  as  to  efficiency  as  high  as  0,75,  but  never  above 
this. 

Morin 's  experiments  were  published  about  ten  years  ago,  ander 
the  title  "  Experiences  sur  les  roues  hydrauliques  3,  axe  vertical, 

'  [A  tecond  wheel  wi  receive  the  water  from  a  common  Bsrker'i  mill  waa  need  in 
model  by  ihe  Etlitorjio  illuMrate  hia  lect area  before  the  Frank  Un  Institute,  about  ilie  ye«r 
I4IS3O-31.     The  model  U  probably  now  at  CarUslei  Pa.— Aji.  Ew  J 

24* 
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appcl^s  Turbines,  Mets  et  Paris,  1888."  The  first  experiments 
were  made  on  one  of  Fournejron's  turbines  at  Moussay,  external 
diameter  of  wheel  -i  2,8  feet,  depth  ^  0,86  feet,  fall  »  24,6  feet, 
and  the  quantity  of  water  laid  on  »  26  cubic  feet  per  second. 
Thus  there  was  a  fall  of  upwards  of  70  horse  power  at  disposition. 
The  result  of  these  experiments,  stated  in  general  terms,  was  that, 
whether  the  wheel  worked  more  or  less  in  back-water,  it  gave  for 
180  to  190  revolutions  per  minute,  a  maximum  effect  of  69  per  cent. 
of  the  whole  power.  When  the  number  of  reyolutions  was  greater 
or  less  by  from  40  to  60  per  cent,  of  the  aboye,  the  efficiency  was 
from  7  to  8  per  cent.  less.  These  were  the  residts  when  the  cylin- 
drioal  sluice  was  quite  drawn  up ;  but  when  the  sluice  was  lowered 
to  half  the  heieht  of  the  wheel,  the  efficiency  was  reduced  about  8 
per  cent.  Had  the  wheel  been  entirely  free  of  back-water,  this  fall- 
in^off  in  efficiency  must  have  been  greater. 

Experiments  on  a  turbine  at  Muhlbach  for  a  fall  of  120  horse 

Eower,  gave  the  following  results:  diameter  of  wheel  2  metres, 
eight  I  metre,  fall  12  feet,  with  86  cubic  feet  of  water  per  second. 
With  the  sluice  quite  drawn,  the  wheel  made  50  to  60  revolutions, 
and  the  efficiency  was  0,78  according  to  Morin ;  but  he  has  adopted 
too  low  a  co-efficient  of  discharge  in  calculating  the  quantity  of 
water,  and,  therefore,  0,75  is  probably  the  true  efficiency.  For 
variations  of  from  80  to  80  revolutions,  the  efficiency  did  not  vary 
more  than  4  per  cent,  from  the  above.  The  efficiency  was  the  same 
whether  the  wheel  was  only  a  few  inches,  or  3  feet  under  water. 
The  efficiency  was  nearly  constant  for  great  variations  in  the  quan- 
tity of  water  laid  on.  As  the  sluice  was  depressed,  the  efficiency 
fell  off  rapidly.     Morin  directed  experiments  to  ascertaining  the 

ratio  — - —  ,  and  found,  as  theory  indicates,  that  this  ratio  increases 
as  V  increases  (owing  to  the  influence  of  centrifugal  force),  and  de- 


cubic  feet  of  water  per  toitiute.  Sluice  drawn  6  inches^  52  revolu- 
tiong  per  minute,  efficiency  found  to  be  0,7*  The  velocity  u,  of  the 
inner  periphery  of  the  wheel  was  then  =  0,46  %^2gh.  For  Taria* 
tiona  between  »,  =■  0,5  ^/2gh  to  0,9  %/%A,  the  value  of  ^  varied 
from  0,64  to  0  JO.  The  other  wheel  was  4'  —  5''  diameter,  6  inches 
deepj  4J  feet  fall,  14  cubic  feet  per  second.  It  revolved  under 
water,  and  when  the  sluice  was  drawn  4|  inches,  the  effects  wer© 
as  follows:  For  t?j—  25  to  80  per  cent,  of  %/2gh^  then  ij  —  0,T1. 

For  — t^  =a  0j45j  that  is  u»  49,  the  ma^mum  effect  was  obtained, 
^2gh 

ori7  —  0,76.    For  — ^  «  0,5  to  0,7,  the  value  of  ^  —  0,60. 

Efmark  Tlid  resulu  of  cixperimecitft  on  Otdbtl's  wbdeU  ftre  probttblj' OTcntaied.  Ex* 
peri  menu  on  Wb  lie  law  a  wheels,  n»  Tnade  b/  Meesrt.  RandoJpli  and  Co^  of  GJajgow, 
giv's  fesulis  varying  from  0,60  lo  0,75  for  ibe  afficiency, 

k§  164.  Foniainti  Turbine* — The  turbines  recently  introduced  by 
Fontaine  and  Jonval,  differ  from  those  of  Fourneyron,  inasmuch  as 
the  guide-curveSj  instead  of  being  in  one  place  with,  are  placed  above 
the  wheel,  and  thus  the  water  does  not  flow  outwards  on  to  the 
wheel,  but  from  above  downwards,  and  is  discharged  from  the  bot- 
tom of  the  wheel.  Centrifugal  force  plays  only  a  very  subordinate 
part  in  the  motion  of  the  water  through  these  wheels,  gravity  taking 
Its  place.  The  difference  between  the  turbine  of  Fontaine  and  that 
of  Jonval  consists  in  the  former  being  placed  immediately  on  or 
under  the  surface  of  the  water  in  the  race;  while^  ^^  Jonvafs  arrange- 
ment, the  water  flowing  through  the  wheel  forms  a  column  of  water 
under  the  wheel,  but  acts  upon  the  wheel  just  as  if  it  pressed 
upon  it.  The  arrangement  of  Fontaine's  turbine  is  shown  in  Fig. 
275^  in  vertical  section  and  in  plan.  AA  is  the  wheel,  BB  is  the 
wheel  plate,  uniting  the  wheel  with  the  hollow  aide  CCDD,  In 
order  that  the  pivot  may  be  out  of  the  water,  the  axle  CD  ends  in 
an  eye  (?<?,  in  which  there  is  a  steel  plug  FmS  (which  can  be  raised 
or  depressed  by  the  screw  *S*)  resting  on  the  solid  axle  EF  at  F. 

The  motion  of  the  wheel  is  transmitted  by  an  axle  i/,  firmly  con- 
nected with  the  head  of  the  hollow  abaft.  To  keep  the  upright 
shaft  from  the  water,  it  is  surrounded  by  a  casing,  as  in  Fourney- 
ron'a  turbines.  The  guide-curve  apparatus  KK  is  screwed  on  to  the 
beams  LL^  and  to  it  there  is  a  plate  KMMK  united,  having  a  cylin- 
drical metallic  bed  MM^  in  which  there  is  a  collar  similar  to  that 
at  DD^  for  maintaining  the  perpendicularity  and  steadiness  of  the 
shaft.  The  form  of  the  guide-curves  JV,  and  of  the  wheel 'buckets^ 
O,  is  represented  at  III.  For  regulating  the  quantity  of  water  laid 
on,  there  is  a  compound  sluice,  having  as  many  separate  valves  as 
there  are  guide-curves.  The§e  valves  are  covered  by  round  pieces 
of  wood,  and  are  fastened  by  screws  and  nuts  to  the  cylindrical 
casing  of  the  guide-curve  apparatns.  The  sluice-rods  PQ^  PQ  .  *  . 
are  firmly  united  to  each  other  by  an  iron  ring  QQ^  which  can  be 


raised  and  depressed  by  three  lifting-rods  QR,  QR  .  .  .  For  this 
purpose  the  ends  R^  R  .  ,  .  of  these  rods  are  cut  aa  screws,  and 
'toothed  wheels  T,  T ,  .  .  put  on  them,  the  nave  or  boi  of  these 
having  female  screws,  and  the  peripheries  of  the  whole  being  en- 
compassed  by  an  endless  chains 

When  one  of  these  wheels  is  moved  by  tneana  of  a  wiach,  or  other- 
wise, it  is  evident  that  the  rest  must  be  so  too,  so  that  the  three  toAb 
are  moved  simultaneously* 


JORVAL  B  Ttl  REIKI, 
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I  165.  Jonvat»  Turbine,— FigB.  276  and  277,  I,  11,  aod  III,  re- 
preflent  Joovars  turbitie.     Here,  ftgain^  "^^^  ia  the  wheel,  united  to 

Fig.  270. 


A 


% 


iSl'ir 


the  upright  shaft  CD  by  a  disc  or  plate;  BB  m  the  guide-cnrTe 
appamtuB  opening  as  a  diverging  cone  into  the  lead.  The  pivot 
rests  on  a  footstep  C\  supported  by  EE,  The  relative  position  of 
the  wheel  and  guide-curvea^  as  also  a  part  of  the  outside  of  the  pipe 
in  which  the  wheel  ia  enclosed,  is  represented  at  II  and  IIL 

To  keep  the  surface  of  the  water  in  the  lead  free  from  agitation^ 
&  float  SS  ifl  placed  on  it,  and  for  regulating  the  wheel^s  motion,  a 
sluice  G  is  introduced,  worked  by  a  handle  at  if.  According  as 
this  sluice  is  raised  or  depressedj  more  or  less  water  flows  away,  and 
thus  the  power  is  regulated* 

The  framing  LL  supports  the  plumber*blocks  for  the  upper  end 
I  of  the  shaft,  and  for  a  horizontal  shaft,  through  which  the  motion 
[is  first  transmitted  by  a  pair  of  mitre  wheels.  When  the  wheels  are 
J  tmall,  the  reservoir  or  well  in  which  the  wheel  is  enclosed  may  be 
[of  cast  iron;  for  large  wheels  it  should  be  built  of  solid  masonry. 

It  is  evident,  from  what  we  have  now  detailed,  that  the  turbines  of 
Fontaine  and  Jonval  are  essentially  alike  in  their  main  proportions, 
and  that  their  theory  is  the  same.  In  both,  the  water  in  the  lead 
stands  at  a  certain  height  \  above  the  point  of  entrance  on  the 
wheel     The  water  in  the  race,  howeyer,  stands  in  Jonvars  turbine 
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at  a  certain  depth  h^  behw  the  wheel,  while,  ia  Fontaine's  arrange- 
ment, the  race-water  is  in  immediate  contact  with  the  wheeL     Tli 
regulation  of  the  wheeVs  motion  is  managed  in  Fontaine's  bi 

Fig.  277. 


N 


'J 


3L 


t    J7T7XZI3^ 


AT":: 


Fig.  378. 


internal^  and  in  Jonval's  by  an  external  eltiice  —  the  one   beii 

analogous  in  this  respect  to  Fouf 
neyroo's  turbine,  the  other  to  thi 
of  Cadiat. 

§166.   Theort/of  Fontaine  f  and  ^ 
Jonvafg  Turhinu. — In  developinj  ' 
tlie  theory  of  the  turbines  of  Fon 
taine  and  Jonval,  we  shall  adop 
the  following  symbols. 

Let  the  angle  of  inclination  of  a 
guide-cnrre  JVC  to  the  horizon,  o^ 
the  angle  of  entrance  of  the  wat 
jrGGj  =  c^^,  Fig278,=  <w   '^ 
angle  Cj  A'^  which  the  upper  end  of  the  wheel  bucket  A  makes  witi 
the  motion  of  the  wheel  ^  |J,  and  the  angle  DD^E^  at  which  th 
bottom  of  the  wheel  bucket  meets  the  horizontal  =  ft.     Let  the  ah 
lute  velocity  of  entrance  of  the  water  on  the  wheel  Ac  =  c,  the  me 

radius  of  the  wheel  r  »  !j_ZJ!l ,  corresponding  to  the  velocity  of  t 
wheel -^u  —  V.  The  relative  velocity  of  entrance  Ac^  «==  c^^and  the  velo 
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eity  of  discharge  Bc^  m  c^  Again,  let  F^  the  ram  of  the  areas  of  all 
the  sections  JV*&  of  the  water  flowing  out  of  the  goide-cnnre  apparatna, 
jPj  the  sum  of  the  upper  sections  G^Kj  and  F^  the  sum  of  the  lower 
sections  DE  of  the  wheel  channels. 

If,  again,  i  be  the  co-efficient  of  resistance  in  the  gnide-curve 
canals,  and  x  the  head  measuring  the  pressure  of  the  water  entering 
the  wheel,  then  (1  +  0  ^  "*  %  (^i  —  ^)»  ^^^  reckoning  the  height 
a  (34  feet)  of  a  column  of  water  equal  to  the  atmospheric  pressure, 
then  (1  +  0  «•-%(«  +  h,—x). 

For  the  relative  velocity,  we  have: 

C*wm  C^  +  »• 2cVC0t.  a. 

If,  again,  b  ^  the  aepth  of  the  wheel,  y  ^  the  height  of  a  column 
of  water  «  to  the  pressure  of  water  immediately  under  the  wheel, 
and  M  the  co-efficient  of  resistance  in  the  wheel  channels,  then,  for. 
the  relative  velocity  of  discharge,  we  have: 

(1  +  ,)c,«-  2g  {br+  x—y)  +  e^  -  2g{a  +  \  +  h  —  y) 
+  »* — 2cvcos.a — Cc* 

If  we  here  again  endeavor  to  take  from  the  water  as  much  effect 
as  is  inherent  in  it,  and,  therefore,  make  c,  «  v,  and  also 

e  as    .^  /*' — ^  we  then  have  for  the  relative  velocity  of  discharge: 
«n.  (|8  —  ft) 

[2^=1^^'  + ?(.4^y+ .>»- 5^(a  +  A,  +  i_y), 
L   nn.{fi — •)         Vnn.  (/I  — •)/  J 

and,  therefore,  the  best  velocity  of  the  wheel: 


\    /  %(«  +  A,  +  6-y) 

\   /  o  rin.  fi  COS.  a         /tin.  (/S  — a)\*   . 
V       «n.(^  — «)"^^V(«fi.0  — «)/   "^ 


The  pressure-height  y,  when  the  turbine  revolver  in  free  air,  is 
equal  to  the  atmospheric  pressure  a;  but  when  the  turbine  is  in  back 
water,  it^a  +  h^  where  \  is  the  height  of  the  surfiu^  of  the 
water  above  the  bottom  of  the  wheel ;  and  lastly,  when  the  wheel  is 
above  the  race  water,  as  in  Jonval's  arrangement,  y^  a  —  Ag 4-  s, 
where  A,  i-  the  depth  of  the  race  surface  underneath  the  bottom  of 
the  wheel,  and  z  is  the  height  due  to  the  velocity  of  the  water  flow- 
ing throuffh  the  sluice  from  the  reservoir  to  the  tail-race.  The  total 
faU  for  the  case  of  the  wheel  revolving  free  of  back  water  is 
hwm  h.  +  b;  when  the  wheel  is  in  back  water,  A  «  A,  -f-  6  —  A^i; 
and  when  the  wheel  is  above  the  tail  water,  A  at  ^  +  ft  +  A^.  Hence, 
for  the  two  first  cases: 


v^ 


2gh 


sin.  (/5  —  o) 
and,  for  the  latter 


sin.  j8  cot,  a  ,  ^  /      *w»*  »      \*  I 
2TJ—F2      -  +  ^Vnn.(0— a)/  "*"* 


V- 


^{h-») 


tin, 
Min< 


)3  cot.  a  ,  ^  /     tin.  fi     v*  , 
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and,  when  the  orifice  Q-  by  which  the  vessel  commnnicateB  with  the 
tail-race  is  large,  or  when  the  water  flows  away  very  slowly : 

2g\a) 

§  167.  From  the  velocity  v  ^i  c,,  the  absolute  velocity  of  entrance 
V  %%n.  ^      ^^^  ^j^^  pressure  height : 


iin.  (j8  —  o) 


r*  «n.  f^ 


may  be  calculated.     Neglecting  prejudicial  resistances : 
x—a+h,—- *^^'^ , 

2  cot.  a  9in,  (|3  —  a) 

and  neglecting  the  atmospheric  pressure : 
» A  A  Bin.  )3        • 

*       2  co%.  a  wn.  (|8 — o)' 
:p  iM  0,  or  more  correctly  x  ^  the  external  pressure  of  the  atmosphere 

when  h.  a .-^ r.     The  loss  of  water  involved  in  the 

2  C08.  a  8in.  ()3  —  o) 

free  space  necessarily  left,  depends  on  the  difference  between  the 
internal  pressure  (rr),  and  the  external  pressure  at  this  point,  and  is 
different  in  the  two  turbines  now  under  consideration.  That  the 
water  may  flow  on  in  a  connected  stream,  x  must  never  descend  to  0, 

that  is,  we  must  have  a  +  A,  > ^.-1-- -.  Again,  that  the 

2  eo8.  a  sin.  (j8  —  o) 

water  may  not  recede  from  the  bottom  of  the  wheel,  we  must  never 

have  y "bO,  that  is,  we  must  have: 

a  —  A,  +  2  >  0,  or  A,  <  a  +  2,  or  A,  <:  a  +  —  (^\  ♦ 

Hence,  when  the  area  of  the  orifice   ff  is  large,  we  must  have 
From  this  we  see  that  the  height  of  the  wheel  above  the 


4  1^     » 


a  U  I. 
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(3.™.|)'^ 


^       — 5 

In  Jonval's  turbines,  there  has  to  be  added  to  these  the  loss  of 
effect  involyed  in  the  velocity  of  discharge  (t^J  through  the  sluice 

Hence  the  total  effect  of  the  wheel : 

£-(A_Qc»  +  .*.»+ (2r«n. !)*  +  <].  ^)Qr- 

We  see  from  thb  that  the  loss  of  effect  increases  as  the  angle  a  in- 
creases, and  as  the  velocity  w^  is  greater,  or  as  the  velocity  of  dis- 
charee  and  sluice-opening  (7  are  less. 

When  the  sluice  is  fully  drawn,  and  the  reservoir  is  wide,  w^  may 
be  assumed  «  0.  Hence,  in  Jonval's  turbine,  the  efficiency  decreases 
as  the  quantity  of  water  diminishes,  or  as  the  sluice  is  lowered.  In 
Fontaine's  turbines,  the  same  relative  effects  are  produced  for  dif- 
ferent positions  of  the  sluice  as  in  Foumeyron's  turbines.  It  appears, 
therefore,  that  the  efficiency  of  the  turbines  now  under  discussion, 
cannot  be  much  more  or  less  than  that  of  Foumeyron'B  in  the  same 
circumstances.     Experiments,  hereafter  cited,  confirm  thia. 

§169.  (hnMtruction  of  Fontaine' %  and  JonvoFM  7Strbine§.—We 
have  now  to  determine  the  general  rules  for  the  proportions  aad 
construction  of  these  wheels. 

The  angles  fi  and  a  of  the  wheel-buckets  are  taken  arbitrarily — the 
latter,  however,  as  small  as  possible,  t.  e.j  IS''  to  20^,  and  ^  «  100^ 
||11(P.  From  these  we  have  the  guide-onrva  angle  •,  if,  for  the 
sue  of  preventing  all  impact  at  entrance  of  the  water,  we  put 

tf  I  nn.  fi^e^  nn.  a  «  v  #m.  a,  and  -L 


V       sin.  (^  —  o) 

Henoe,  by  combination :    .  *^'  *    ^  «  «n^ .  ^^^  ^^  ^^^ 
$%n.  (^  —  •)      «n.  fi 

-; — ^—. — t  —  -; ,  or  eotg.  a  -i  eotg.  fi  +  -: — -. 

•tn.  a  ttn.  0      #m.  a  stn.  a 

From  the  angles  a  and  jS,  we  have  the  velocity  of  the  wheel 

r-,     /  ^* 

\    /  9  sin.  j8  eo9.  a  ,  ^/      sin.  j3      \*  ^ 

y       sin.ifi  —  a)'^^\sin.{a  —  ^)J  '*'• 

and  the  velocity  of  entrance  of  the  water  e  m^     ^  ^^'  ^     .  ^^^ ^  f^^j^ 

8tn.  (/3  —  o)  ' 

this  we  have  the  sectional  areas  jP«  -^,  and  F^^-^. 

e  c 

The  width  of  the  wheel,  or  length  of  the  buckets  measured 
radially,  must  be  made  in  suitable  proportion  (as  small  as  possible), 
VOL.  n. — 25 
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ffoide  line  of  a  wheel  bucket,  whikt  the  straight  lines  BJE^  ^i^v  ^'9 
form  the  lower  part. 

It  is  evident  that  this  construction  of  the  guide  and  wheel  curves, 
insures  that  water  leaves  them  with  the  sections  AN^  and  BJE^  re- 
spectively. # 

fjEOMipk  It  it  required  to  giTe  the  leading  dimenuont  and  proportions  of  ■  JonvBl*t 
furlnne  for  a  fiiil  of  12  feet  in  height,  with  8  oabio  feet  of  water  per  teoood.  AMaming 
»^30^,  and  $^  105^,  we  have  lor  the  angle  of  the  gnideourret: 

€€ig.  m^aiig.$^  .J-  »  adg.  105<>  4.   .   ^     ,  »  .  0,26799  +  3,92380  »  2,69985, 

tin.  1  nn,  2(1^ 

and,  therefore,  •  v  20^,  38'.    Awuming  (  m  0,15,  and  a  v  0,10,  the  beat  Telodty  for  the 

wheel :     

P^     I 2gA ^ 8.02  v/i2 

J  ^    tm,$Mm   ^^/       Bm.$       Y^^™ ^1.813  +  0.1407  + 0.1000 
•m.(|l  — «)  \tm.(fi  —  m)  / 

27  78 
^  —    *         ^  19,38  feet,  and  from  this  we  have  the  velocitjr  of  entrance : 

v/a,0937 

f«_Lf^LL.«  18,77  feet 
im.(^  — •) 

The  Motions  J*.  ^.—L  » 0,4262  square  feet, and  J*.. J^i.^  i. 0,4 127 
c        18,77        '  -^  *»  «       I,        ig^g 

square  feet,  and  if  we  take  the  ratio  v  ^  —  ^  },  the  mean  radios : 

r 

r»    / i. —  .    /^      ^*^^^i     ^  »  0>7g98  feet,  and  th>  width  of  wheal 

(I  7508 
if  M»  .rs^^— 11^0,2532  feet    From  the  space  ooeopied  bgrthe  backets,  each  of 

3 
these  oafcniated  dimensions  should  be  somewhat  increased. 
The  width  of  the  channels  e^i  if ^0,1266  feet,  and  .*.  n  the  number  of  bookeu 

£      2dH?.? ^04262  ^  ^^^^  ^^  ^^,^  ^^  however,  adopt  16. 

d€      0,2532.0,1266        0,032  '  *  ^^ 

The  height  of  the  wheel  b  is  made  ^  if  ^0,2532.    The  imdius  of  the  reservoir  may 

be  made  somewhat  greater  than  r  +  .  v  0,7598  +  0,1266  tm  0,8864,  or  about  1  foot, 
and  hence  the  area  of  it  will  be  «  ^  3,1416  square  feet    The  vekwitj: 

w,  M  ^  M  — —  V  2,546  feet,  and  the  height  doe  to  this  vekxatv: 
*      w       3,1416         r^         n  -^ 

s  $m  0,0155  .  2,546*^0,1005  feet  The  eflect  of  this  wheel,  when  the  sluice  is  com- 
pleteljr  drawn,  would  be : 

X-(A-[Cc-+.i-+(2*.-.iy+.s.-].^)Qy 

1.(12  — [0,15  .  18,77*  +  0,10. 19,38* +(2. 19,38 sin.  10<>)i  + 2,546"]. 0,0155) 8  .  62^ 
ib(12  —  103,66  .  0,0155)  .  500»  10,39  X  500»  5195  ft.  lbs., »  9,4  horse  power. 
The  kisses  of  eflect  in  the  reservoir  would  reduce  this  to  4800  ft  lbs.,  so  that  the  efficiency 
woukl  be  something  near  0,80;  for  as  the  power  expended  is  62,5  x  8  X  13  ib  6000  ft. 
lbs.,  4800 .if-  6000  v  ,80.    These  caksulatkms  are  for  English  measures. 

§  171.  ExperimewU  on  Fontaine* $  and  JonvoXn  TwbvMM. — ^Very 
trustworthy  experiments  on  these  wheels  are  detailed  in  the 
^^Comptes  Rendaes  de  I'Acad^mie  des  Sciences  ft  Paris,  1846/' 
There  are  also  some  earlier  experiments  by  MM.  Alcan  and 
GrouTelle.  (See  Bulletin  de  la  Soci^t^d'Encouragement,  tome  xliv/') 

These  experiments  show  that  in  Fontaine's  turbines,  as  in  Four- 
neyron's,  the  efficiency  is  greatest  when  the  sluice  is  quite  drawn 
up,  and  that  the  efficiency  is  less  aflBected  by  variations  of  Aeod, 
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than  by  Tftriatioiui  in  the  qiuuitity  of  water  rapplied.  The  tarbine 
at  Vaaeney,  near  Chalons-sar-Mame,  the  emcienej  of  whioh  was 
determined  by  Alcan  and  Oronyelle,  has  1,6  metres  (6,24  feet)  ex- 
ternal diameter,  0,12  metres  (nearly  5  inches)  in  height,  tiie  lUl 
was  5|  feet,  the  quantity  of  water  abcfl  93  gallons  per  seoond. 
The  principal  result  of  this  experiment  was  that  for  u  «■  30  to  50 
per  minute,  the  efficiency  was  0,67.  One  of  Fonmeyron's  wheels 
of  an  early  date,  made  for  th^  same  fall,  gaye  ^  «■  0,60.  Morin's 
experiments  were  made  on  a  turbine  for  a  powder  mill,  at  Bonchet. 
The  diameter  was  1,2  metres,  the  width  0,25  metres.  There  were 
24  guide-curires  and  58  wheel  buckets.  It  had  a  fall  of  about  12 
metres,  and  6  cubic  feet  per  second  supply.  Experiments  were 
made  with  2,  3,  and  4  inches  of  the  sluice  drawn,  and  the  following 
results  obtained.  Sluice  quite  open  u  a  45,  the  efficiency  a  maxi- 
mum, and  —  0,69  to  0,70. 

When  the  sluice  was  shut  so  as  to  reduce  the  expenditure  by  ^, 
9  was  reduced  to  0,57.  The  efficiency  varied  little  with  the  velocity 
of  the  wheel,  for  when  making  35  revolutions  per  minute,  ^  was  still 
«■  0,64,  and  for  55  revolutions,  «j  »  66.  It  appears,  too,  that  the 
greatest  power  exerted,  and  at  which  the  wheel  moved  irregularly, 
was  about  li^  times  that  with  which  the  wheel  produced  its  maximum 
effect.  The  wheel  was  a  few  inches  in  back  water  during  the  ex- 
periments. We  see  from  these  experiments,  that  Fontaine's  turbine 
may  be  considered  among  the  first-class  of  hydraulic  wheels.  The 
circumstance  of  the  pivot  being  out  of  water  is  an  advantage  (though 
obtained  at  considerable  expense,  and  by  a  method  inapplicable  to 
large  machines).  The  ^^graissage  atmosph^rique"  of  Decker  and 
Laurent  accomplishes  the  same  end,  the  lower  end  of  the  upright 
shaft  being  surrounded  by  a  bell,  analogous  to  a  diving-bell,  which 
revolves  with  it.  The  air  in  the  bell  is  kept  of  the  necessary  den- 
sity by  a  small  air-pump. 

§  172.  JanvaVs  Turbines.  —  The  experiments  on  Jonval's  tur- 
bines ^ave  equally  favorable  results  as  those  on  Fontaine's.  Messrs. 
Kdchlin  and  Co.  have  detailed  experiments  on  one  constructed  by 
them  at  Miihlhausen,  in  the  ^^  Bulletin  de  la  Soci^t^  Industr.  de 
Mulhause,  1844."  This  turbine  was  3,1  feet  in  diameter,  8  inches 
high.  It  was  placed  2'  —  8"  under  the  surface  of  the  water  in  the 
lead,  the  fall  being,  however,  5|  feet,  and  the  supply  being  125 
gallons  per  second.  The  efficiency  for  ti  «■  78  to  95  per  minute 
was  0,75  to  0,90.  Morin  considers,  however,  that  the  quantity  of 
supply  was  reckoned  too  low,  and  that,  therefore,  this  high  efficiency 
must  be  reduced  from  0,63  to  0,71. 

Colonel  Morin  made  experiments  with  a  turbine  of  0,81  metres 
external  diameter,  0,12  metres  internal  width,  18  buekets,  fall  5^ 
feet,  supply  45  to  65  gallons  per  second.  Morin  comes  to  the  fol- 
lowing conclusions  from  all  his  experiments.  In  the  normal  state, 
the  water  having  impeded  entrance  and  exit,  the  number  of  revolu- 
tions was  90  per  minute  and  r^  wm  0,72.    By  putting  contracting 
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pieces  on  the  wheel,  the  efficiency  did  not  become  much  lees  (0,68) 
until  the  section  was  very  considerably  diminished. 

The  efficiency  did  not  vary  for  variations  of  velocity  25  per  cent 
above  and  below  that  for  the  maximum  effect.  By  depressing  the 
sluice,  the  efficiency  was  diminished,  so  that  it  is  evident^  a  very  im- 
perfect regulator  for  the  wheel.  When  the  section  of  the  aperture 
for  the  discharge  of  the  water  was  reduced  to  0,4  of  that  for  the 
normal  condition,  ^  was  reduced  to  0,625. 

Redtenbacher  ffives  some  experiments  on  a  turbine  of  Jonval's, 
the  maximum  efficiency  for  the  sluice  fully  drawn  having  been 
IB  0,62.  As  in  the  case  of  Foumeyron*s  turbines,  these  experi- 
ments indicate  that  the  wheel  working  without  load  makes  about 
twice  as  many  revolutions  as  when  furnishing  its  maximum  effect  in 
its  normal  state. 

§  178.  Campariion  of  different  Turbines  with  each  other. — If  we 
compare  the  turbines  of  Fontaine  and  Jonval  with  those  of  Four- 
neyron,  we  find  that  in  Fontaine's  turbines  the  water  is  less  deviated 
from  its  original  direction  of  motion  than  in  Foumeyron's,  so  that 
for  the  same  velocity  of  entrance  the  resistance  is  less  in  the  one 
than  in  the  other.  Thus  the  velocity  of  entrance  in  Fontaine's 
wheel  may  be  made  greater,  and,  therefore,  the  wheel  may  be  made 
less  in  diameter  than  Foumeyron's.  The  guide-curves  of  Fontaine's 
wheels  take  on  the  water  in  more  nearly  parallel  layers  than  they 
do  in  Foumeyron's  wheels,  where  a  divergence  of  the  stream  enter- 
ing the  wheel  cannot  possibly  be  avoided. 

On  the  other  hand,  Foumeyron's  wheels  have  certain  advantages. 
The  pressure  on  the  pivot  is  reduced  to  the  weight  of  the  machine 
in  motion ;  whilst  in  Fontaine's,  the  whole  weight  of  water  is  borne 
by  the  pivot,  thus  involving  greater  friction,  easterie  paribus.  Again, 
in  Foumeyron's  turbines,  the  particles  of  water  move  with  the  same 
velocity  or  rotation,  which  is  not  the  case  in  the  newer  turbine,  in 
which  the  velocity  of  the  outer  particles  is  much  greater  than  that 
of  the  inner*  This  gives  rise  to  edd^^  motions,  consuming  me- 
chanical effect,  and  causing  irregularities  in  the  motion  of  the  water 
through  the  wheel.  The  turbine  of  Foumeyron  is  also  more  easily 
constructed  than  that  of  Fontaine,  particularly  the  buckets. 

JUmark  1.  The  Fontaine  turbinee  mre  well  adapted  for  tOt^imlk. 

JUmark  2.  JonvaPt  turbines  are  ooniidered  to  present  advantaKes  in  respeet  of  their 
being  placed  so  that  they  can  be  easily  got  at  The  limit  at  which  they  may  be  place«l 
above  the  tail-race  has  been  already  fx>inted  out  to  be  34  feet;  but  from  experiments  of 
M.  Marazeau,  and  from  certain  theoretical  considerations  of  Morin,  it  appears  that  the 
height  of  the  turbine  above  the  water  in  the  race  must  not  exceed  even  lower  iiiiiiis 
tluui  the  above,  because  otherwise,  the  water  is  very  apt  to  hte  its  continuity  imme- 
diately under  the  wheel,  and  thus  f^cd  is  losL 

§  174.  Comparison  between  Turbines  and  other  Water  Wheels. — 
Turbines,  from  their  nature,  are  applicable  to  falls  of  any  height, 
from  1  to  500  feet.  Vertical  water  wheels  are  limited  in  their 
applications  to  falls  under  60  feet  as  the  highest.  The  efficiency  of 
turbines  for  very  high  falls  is  less  than  for  smaller  falls,  on  account 
of  the  hydraulic  resistances  involved,  and  which  increase  as  the 

25* 
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square  of  the  Telocity.  Vertical  water  wheels  having  from  20  to  40 
feet  fall,  give  a  greater  efficiency  than  any  turbine*  For  falls  of 
from  10  to  20  feet,  they  may  be  considered  as  being  Terr  nearly  on 
9k  par  in  point  of  efficiency ;  and,  for  very  low  falls,  tnrbines  ^ve  a 
higher  efficiency  than  any  rertical  wheel  that  coidd  be  snbstitated 
for  them.  Poncelet's  wheels,  for  falls  of  from  8  to  6  feet,  are  on  a 
par  with  turbines,  but  only  within  these  limits.  Turbines  are  un- 
affected by  back-water,  whilst  vertical  wheels  lose  effect  in  this 
condition.  Variations  in  supply  of  water  affect  the  efficiency  of 
vertical  water  wheels  less  than  they  do  that  of  turbines.  This 
gives  the  vertical  water  wheel  an  hydraulic  economical  advantage, 
which  is  in  some  cases  of  great  importance.  When  water  becomes 
scarce,  the  best  effect  from  what  is  available  may  alwaye  be  de- 
pended upon  from  a  good  vertical  wheel,  whilst  the  turbine  falls  off 
in  efficiency  as  its  sluice  is  lowered,  from  causes  which  in  our  dis- 
cussion of  the  theory  of  turbines  we  have  fully  explained. 

§  175.  Variations  of  velocity  on  either  side  of  the  normal  con- 
ditions, have  the  same  result  in  the  two  kinds  of  wheels,  but  the 
turbines  have  a  decided  advantage,  in  that  they  make  a  greater 
number  of  revolutions  per  minute  than  any  vertical  wheels.  The 
velocity  of  rotation  is  limited  to  from  4  to  8  feet  per  second, 
whilst  in  turbines  this  velocity,  having  a  certain  ratio  to  the  height 
of  fall,  is  generally  much  greater.  The  application  of  water  to  ope- 
rations requiring  great  velocity,  is,  therefore,  most  advantageously 
made  by  turbines ;  whilst  for  operations  requiring  slow  motions,  the 
vertical  wheel  is  to  be  preferred.  It  is  a  question  of  practical  dis- 
cretion, to  decide  as  to  whether  it  is  better  to  reduce  the  velocity 
of  turbines,  or  to  raise  the  velocity  of  vertical  wheels  by  means  of 
the  gearing  that  is  to  transmit  their  water-power  to  the  work  to  be 
done. 

For  variable  resistances,  such  as  rolling  mills,  forge  hammers, 
&c.,  the  vertical  wheel  is  certainly  to  be  preferred,  because  its  great 
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Tartmes,  it  m^st  be  borne  in  mmd^  require  ehan  water  to  be  kid 
on,  for  they  would  be  greatly  damaged  by  eaud,  mud,  leavei,  bmnchei, 
ice,  &c.,  passing  through  them,  and  their  efficiency  lefisened.  This 
ie  not  the  ease  with  vertical  wheels. 

§  176*  TurbintM  with  fforizontal  Axu* — Examples  of  distorted 
ingenuity  have  been  displayed  in  putting  turbines,  particularly  Jon- 
vaJ's  and  Whitelaws',  on  horizontal  axes.  This  mode  of  construc- 
tion can  never  be  advantageous,  though  it  may  have  some  local 
convenience  suggesting  its  adoption. 

Jonval  and  Redtenbacher  have  proposed  the  arrangement  shown 
in  Fig.  280.     Where  ^.i  is  the  lead  pipe,  BB  the  one,  and  B^B^ 


.  B    |i 

1           ^ 

Fip.SSL 


the  otter  wheel,  CC   the  horizontal  axis,  and  DD  and  DD^  the 
jointing-rings  (Vol.  II.  §  151),  E  and  E^  being  the  tail-race. 

A  throttle  valve  in  the  main  or  lead  pipe  is  the  means  of  regulation* 
Herr  Schwamkrug,  of  Freyberg,  has  recently  erected  a  vertical 

wheel,  working  on  the  principle  of 
the  pressure  turbine.  The  wheel  is 
like  one  of  Poncelet^Sj  but  the  water 
is  introduced  on  the  inmie  by  a  pipe^ 
80  that  it  flows  through  the  wheel 
near  the  bottom  of  it.  Fig.  281  shows 
the  arrangement  adopted. 

The  guide*curves  DE^  ^i^i  ^^^ 
movable  on  centres,  and  serve  to  regu- 
late the  discharge  of  water.  Tnis 
construction  has  advantages  in  respect 

of  the  wheel  being  little  exposed  to 

the  action  of  the  water,  and  as  the 
water  acts  on  a  very  small  arc,  the  wheel  must  have  a  greater 
diameter  than  a  turbine,  and  hence  in  cases  where  alow  motion  is 
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have  alresdjr  mentioned  seveiml  treatiies  and  papers  on  the  subject.  The  following  are 
come  of  the  more  important  works  :— 

Foumeyron*s  original  [mper  appeared  in  the  "  Bulletin  de  la  Sociit^  d'Enoouragement, 
1834.'*  Morin's  **  Experimental  Inquiry/' already  quoted,  followed  in  1838.  In  1838, 
Ponoelet  published  his  **  Th^rie  des  Efiets  mfeaniques  de  la  Turbine  Fourneyron,"  in 
the  "Comptes  Rendues,''  and  as  a  separata  treatise.  In  D'Aubnisson's  **  HydrauUque," 
the  turbine  is  treated  of,  but  only  superficially.  In  1843,  Comben  published,  "  Recherchei 
theoretiques  et  ezperimentales  sur  les  Roues  a  reaction  ou  4  tuyauz,"  a  tract  of  con- 
siderable importance,  as  it  for  the  first  time  recognizes  the  necessity  of  taking  into  con- 
sideration the  hydraulic  resistances,  which  Poncelet  ami  Rodtenbsichor  have  neglected 
to  do.  Redtenbacher's  work,  ^  Th^rie  und  Ban  der  Turbinen  und  Ventilatoren,  Man- 
heim,  1 844,"  is  founded  on  Pbncelet's  theory,  and  is  the  best  and  most  complete  work 
on  the  subject.  On  the  newer  turbines,  there  appears  in  the  ^Comptes  Renduea,"  tome 
xzii..  1846,  "Rapport  sur  un  M^moire  de  M.  M.  A.  Koechlin,  concemant  une  rxwTelle, 
Turbine  (Jonvah  construite  dans  leura  ateliers,  par  Poncelet,  Piobert,  et  Morin."  Also, 
"  Note  sur  la  Theorie  de  la  Turbine  de  Koechlin,  par  Morin,"  et  ^  Note  sar  TAppUcation 
de  la  Tfaterie  du  Mouvement  des  Fluides  auz  experiences  de  M.Maroceaii,par  Morin."; 
In  the  **  Comptes  Rendues,"  &c.,  t  zziii.,  1 84C,  there  appears  a  paper  **  Exp^rienoea  eC 
Notes  sur  la  Turbine  de  M.  Fontaine-Baron,  par  Morin."  The  *"  Balletin  de  k  SodMi 
d'Enoouragement,  1844-45,"  oontaina  notices  of  the  tnrbinet  of  Jonval  and  Foataina. 

Armengand's  publication  "  Induitrielle,"  contains  good  drawings  and  deacriptions  of 
the  turbines  of  Ouiiat,  Calkm.  Fourneyron,  ami  GentiJbomme.  In  the  "  Polyteoh.  Cen- 
tre Iblatt,  bd.  Tii.,  1846,"  Parrots  turbine  is  described.  Nagel*s  turbine  it  deaoribed  in- 
Dingler's  "  Journal,  bd.  zcv.,"  and  Pas80t*s  turbine,  in  the  nme  Journal,  bd.  zdr.  Bomw 
geois'  screw,  is  a  turtum-kiket^  or  with  screw-formed  ehannelt.  8te  "  FblytaduiM^iea 
Centraiblatt,  bd.  i.,  1847."  In  the  **  Proceedings  of  the  Institution  of  Clfil  Enginoen  finr 
1 842,"  there  is  a  notice  of  turbines  by  Prof  Gordon.  In  the  *^  Transactions  of  the  Socletj 
of  Arts  of  Scotland,  1805,"  there  is  a  notice  of  a  turbine  erected  at  Mr.  J.  G.  Stnart^s  ilax- 
mill,  at  Balgonie,  in  Fifeshire.  This  is  the  first  turbine  araeted  in  Britain,  and  is  one  of 
the  largest  ever  made.    Itt  efficiency  it  reckoned  to  be  ■■  0^70. 


I  177.  Water-PreBBure  EngimB, — Water* pressure  engineSf  &s 
their  name  indicates,  are  set  in  motiaa  bj  a  column  of  water.     Their  ^ 

motion  is  a  reciprocating   rectillnea^fl 
FiK  584.  motion,  and  not  rotatory  as  in  the  tor- 

bine*    The  leading  features  of  a  water- 
pressure  engine  are  delineated  in  Fig„^ 
284,     ^  10  a  reservoir  at  the  upper" 
end  of  the  pipe,     AB  is  the  presture 
pipe.     C  m  the  working  cjlinder,  m 
which    the    water   moves    the    loadi 
piston  K.     In  the  pipe  BC^  hy  wkicl 
the  pressure  pipe  communicates  witl 
the  cylinder*  the  regulating  valve  or; 
cock  is  placed.     It  is  here  represent* 
as  a  three-way  cock  J  serving  alteniatelyl 
to  open  and  close  the  communication 
between  the  working  cylinder  and  the 
pressure  pipe.     When  the  way  is  openpfl 
the  water  presses  on  the  piston^  and  V 
raises  it,  with  its  load,  through  a  cer- 
tain  height — the  hngth  of  ttroke  — 
when  the  communication  between  the 
pressure  pipe  and  the  cylinder  ia  shut,  a 
way  is  opened  for  the  discharge  of  the 
water  from  the  cylinder  by  the  pipe  i>, 
and  the  piston  then  descends  by  its  own  gravity. 

Water-pressure  engines  are  either  aingle  or  double  aeiing.  Fig. 
2M  shows  the  general  arrangement  of  the  single-acting  eDgine*  in 
which  the  piston  is  made  to  move  in  one  direction  by  the  pressure 
of  the  water,  and  to  return  by  its  own  weight,  H 

In  the  double-acting  engine,  the  up  stroke  and  down  stroke,  or " 
both  strokes  of  the  piston,  are  made  under  the  hydraulic  presdure. 
Fig.  285  shows  the  general  arrangement  of  a  double-acting  enginet 
The  cock  is  in  this  case  a  four* way  cock.  In  I,  the  pressure  is  on 
the  upper  side  of  the  piston  through  JiBC^  and  the  discharge  goes 
on  through  €^BJ>.  In  IL  the  pressure  is  on  the  under  side  through 
JiB^C^  of  the  piston,  and  the  discharge  through  CBD. 

Water-pressure  engines  are  also  made  with  two  .cyUnders,  each 
single-acting,  but  connected  together,  as  in  Fig.  28ftj  so  that  while 
the  one  piston  is  ascending  by  the  pressure  of  the  water,  the  other 
is  descending,  the  water  being  discharged  therefrom.     The  reUtive 
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poettion  of  the  pftM&gea  in  the  foar-waj  cock  are  showa  in  Fige. 
286  and  287. 

Fiif.  285. 


Fif.  286.  h 


Fig*  3«7.  XI 


I  17B*  Pressure  Pipes,  —  The  pressure  pipes  should  take  the 
water  from  a  feeding  cistern  or  settling  reservoir,  in  which  the  water 
has  time  to  deposit  the  foreign  matters  it  may  have  carried  so  far 
along  with  it.  In  front  of  this  a  grating  must  be  placed,  to  keep 
hack  leaves,  ice,  &c.  &c. 

The  end  of  the  pressure  pipes  should  dip  so  as  to  he  1}  foot,  at 

leasts  above  the  bottom  of  the  feed  cistern,  and  3  to  4  feet  under 

the  surface  of  the  water  in  it^  so  as  to  prevent  the  influx  of  heavier 

particles,  and  to  render  the  indraught  of  air  impossible*     For  this 

I  object  the  end  of  the  pipe  may  he  conTenientl  j  curved  with  the 

month  downwards,   as  shown  in   Fig.   288.     C  being  a  yalve  for 

shutting  off  the  water  from  the  pipe  B,  when   required.     Fib  % 

[division  plate  in  the  cistern.     (?  is  a  grating  to  keep  back  floating 

[bodies.     The  pressure  pipes  may  be  either  of  wood  or  iron,  bat  are 

usually  of  the   latter  material,  and  made  from  ^  to  |  the  internal 

diameter  of  the  working  cylinder.     The  pipes  for  great  heads  are 

I  made  to  increase  in  thickness  from  the  top  downwards  proportionally 

to  the  pressure.     The  formula:  t  =  0,0025  wd,  4-  0,66  inches  may 

be  used  for  calculating  the  strength  required  for  any  given  pressure 

I  fi  in  atmospheres  =  33  feet  of  water;  d^  being  the  internal  diameter 

I  of  the  pipes.     The  formula  given  in  Vol  I.  §  283,  is  applicable  to 
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ordin&ry  water  conduits^  but  is  inapplicable  to  the  present  caae, 
because  the  pressure  of  the  water  here  varies  frequently^  and  e? 
acta  with  impact,  when  the  valves  are  suddenly  closed*     The  pi| 

Fig.  2SS. 


must  be  carefully  proi^edf  by  an  hydraulic  or  Brain  ab  press. 
porosity  of  pipes,  which  at  first  proving  ia  very  sensible,  graduallj 
necomas  insensible  as  oxidation  goes  on.  In  the  case  of  the  pip€ 
for  the  pressure  engine,  at  Huelgoat,  described  hereafter,  boiled  i  ' 
was  used  in  proving  the  pipes,  by  which  they  become  impregnat 
to  a  certain  depth  with  the  oil^  and  thus  their  porosity  etopped,  ai] 
even  protection  against  corrosion  insured. 

The  pressure  pipes  are  usually  jointed  by  flanches  and  screi 
holts;  a  ring  of  leadj  or  of  iron  rust  being  interposed,  as  shown  " 
Figs*  289  and  290,     A  mixture  of  Ume  water,  linseed  oil,  ramiab, 

Fig.  289.  Fig.  290, 


j  i  and  chopped  flax,  makes  a  very  good  pipe-joint.     The  spigot  and 
I  faucet  joint,  with  folding  wedgea  of  wood,  make  the  best  and  cheap^l 
joint  for  cast  iron  pipes. 

1 179.  The  Working  CS^Under, — The  working  cylinder  is  madi 
of  cast  iron  or  of  gun  metal.  The  number  of  strolcea  is  limited 
from  3  to  6  per  minute,  so  that  there  may  be  the  least  possible  I 
of  effect;  and,  therefore,  the  capacity  of  the  cylinder  is  made  ._ 
depend  rather  on  its  length  than  its  diameter.  The  stroke  9  is  made 
from  8  to  6  times  the  diameter  d  of  the  cylinder.  The  mean  vel<>- 
city  t?,  of  the  piston,  is  usually  1  foot  per  second,  in  order  that  the 
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mean  velocity  v^  of  the  water  in  the  pressure  pipes,  and  hence  the 
hydraulic  resistances  may  be  as  small  as  possible.  It  is  not  advisa- 
ble in  any  case  to  have  the  latter  velocity  greater  than  10  feet  per 
second,  and  6  feet  is  a  better  limit.    If  we  assume  t;  a  1,  and  i\  »  6 

feet,  the  quantity  of  water  being:  ^^-^««  "*  ^''  \  we  get  for  the 
proportion  of  the  diameter  of  the  pressure  pipe  to  that  of  the  cylin- 
der, ^  -     ll  -     II  -  0,408,  or  about  0,4. 

If  Q  be  the  quantity  of  water  supplied,  per  second,  then  for  a 
double-acting  engine,  or  for  a  double-cylindei^  engine,  Q  b  !L—  .  v, 
and  hence  we  have  the  diameter  of  the  working  cylinder  required 
d^     11^-1,13    1^,  that  is,  for  t;-l,rf- 1,18  v/C'feet.   For 

\  H  V  \V 

ft  €p 

a  single-cylinder,  single-acting  engine,  Q  »  | .  — -  v  .\  d^  1,60 

f^ ,  and  if  t; «  1,  ci  =1 1,60^  Q'feet.  If  the  stroke  of  the  piston 
»  8  c2  to  6  d,  the  time  for  one  stroke  of  a  single-acting  engine  is 
t  ^  i ,  or,  if  t; »  1,  ^  B  •  in  seconds,  and  hence  the  number  of  sin- 

V 

gle  strokes  per  minute: 

60"       60.r         ,  .  60 

n.  M sa .'.  when  t* »  1,  ft,  »  — , 

t  $  8 

and  the  number  of  double  strokes : 

n,      30 1;        .-        1  80 

n^-r^^ ,  or  if  v  =  1,  n  =1  — 

It  is,  however,  better,  in  the  case  of  a  single  acting,  single  cylinder, 
water-pressure  engine,  to  begin  the  stroke  somewhat  more  slowly, 
or  to  cause  the  descent  of  the  piston  to  take  place  more  rapidly  than 
with  the  mean  velocity,  because  the  hydraulic  resistances  are  greater 
for  the  working  or  up  stroke,  than  for  the  return  of  the  piston. 

The  working  cylinder  must  be  accurately  bored.  The  thickness 
of  the  metal  is  made  greater  than  the  usual  rules  of  calculation  indi- 
cate as  enough,  to  compensate  for  weavj  and  because  of  the  shock 
at  entrance  of  the  water.  The  formula  e  »  0,0025  nd+1  will  be 
found  useful  in  guiding  to  the  proper  dimensions.  The  cylinder 
may  be  strengthened  by  mouldings  or  ribs  cast  round  it. 

The  working  cylinder  is  subject  to  a  pressure  in  the  direction 
opposite  to  that  in  which  the  piston  moves,  equal  to  the  weight  of  a 
column  of  water  Fhy^  F  being  the  area  of  the  base,  h  the  height, 
and  y  the  weight  of  a  cubic  unit ;  h  being  not  unfrequently  several 
hundred  feet,  this  pressure  of  the  water  is  very  considerable,  and, 
hence,  the  substructure  on  which  the  cylinder  rests  must  be  very 
strong.  Water-pressure  engines  are  erected  in  the  shafts  of  mines 
VOL,  II.— 26 
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for  raiaing  water,  more  freqaently  than  in  any  other  positioit,  ami 
cannot^  therefore^  he  placed  on  the  solid  rock,  or  fotmdatiotig  Iitd 
thereon,  but  have  to  be  supported  oo  cross 
beams  or  arches  of  stone,  or  of  iron. 


Fill.  291. 


Remark.  Betidea  this  preamiir,  ihe  cylinder  haa  to  wii 

ftanil  B  hori£or>iaL  pressure  in  the  direi^tlon  of  the  wan 
FQtertifg  it,  and  propcMtiotial  to  it»  aectioa.  The  effeci  < 
ill  is  is  leaa  obaerrabje^becvub^  the  preft*ur«act9  al  a  point 
only  a  Hittb  above  tbe  bB;5e  qC  the  cyUnderf  wid  twouiue 
the  pressure  pipe,  which  is  firmly  conoected  with  tbe 
cylinder,  U  equally  pref^esi  in  the  oppoait^  diractioo^  In 
any  bend  ot  knee  piece  JB,  Fig.  291,  there  ti  m  resnLtuit 
pressure  CRssR^  which  may  be  put 

=s  F^^  Fihy  ,  y^j  F,  being  tbe  are*  of  the  pipe 
and  h  the  pteasure  beighL 

1 180,  The  Working  Puton.  —  The  main  piston  which  moves 
under  the  pressure  of  the  water,  consists  essentially  of  a  cylindrical 
disc  fitting  smoothly  into  the  cylinder.  To  make  this  piston  per- 
fectly tight,  and  at  the  same  time  not  to  cause  thereby  too  great  a 
resistance  to  motion,  a  packing  (Fr.  garniture;  Ger.  Liderung)  of 
hemp^  leather,  or  metal  is  applied,  either  on  the  piston,  or  in  the 
cylinder,  in  which  latter  case  the  piston  becomes  what  is  termed  a 
plunger  or  ram.  The  packing  of  the  pistons  of  water-pressure  en- 
gines is  usually  either  leather  or  metallic  rings.     They  are  adjusted 


Fig,  393. 
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to  ft  presgure  proportioDal  to  the  columii  of  water,  bo  that,  on  the 
one  hand,  no  water  may  escape  or  pasa>  and  on  the  other,  that  there 
may  be  no  unnecessary  friction.  The  best  packing  that  can  be  era- 
ployed,  is  that  in  which  the  water  itself  preaaes  the  leather  or  pack- 
ing agiunst  the  surface  of  the  cylinder,  or  of  the  ram.  The  packing 
is  made  so  that  it  can  be  gradually  compressed  as  it  wears,  by  means 
of  a  ring  fitting  upon  it,  and  adjusted  by  screws*  Fiff*  292  is  the 
piston  of  a  water-preasure  engine  at  Clausthal,  in  which  the  manner 
*of  laying  in  tho  packing  is  clearly  represented.  A  ia  the  piston^ 
properly  so  called,  and  BB  the  piston  rod,  a  a  and  b  6  are  the  pack- 
ing ringa,  and  c  c  two  fine  channels  communicatiog  with  tfae  back 
of  the  packing  b  b.  Other  methods  of  packing  we  shall  describe 
hereafter. 

For  the  plunger  or  ram,  or  Bramah  putony  the  packing  may  like- 
wise be  kept  tight  hydrostatically.  A^  Fig,  293,  is  the  piston,  B 
the  cylinder,  C  the  pressure  pipe,  BD  the  packing  or  stuffing  bo3t, 
screwed  on  to  the  piston ,  a  a  is  the  packing  ring,  and  b  b  the  five 
channels  of  communication*  This  manner  of 
keeping  the  packing  tight  ia  more  applicable  to 
the  caae  of  a  stuffing  bos,  than  to  the  ordinary 
piaton, 

Etmtxrk.  Ttie  cofopr^sted  ring  packing  i»  alto  applied  ai  the 
compensation  joints*,  whicb  muat  be  introduced  in  the  lengtti 
of  the  pressure  pipe.  Fig,  294  ibow»  such  a  p]p«T  JfJf  being 
the  enlarged  end  of  one  pipe  B,  accurately  liored  out,  anfl  reat- 
ihg  on  lupportft  CC;  a  a  are  packing  ?JDgiec>mpreflfted  by  screws 
and  Hat*  on  to  the  thickened  end  of  the  upper  pipe  i), 

§  181*  The  Puton  Rod  and  Staffing  Box.— 
The  piflton  rod  goes  either  upwards  or  downwards 
to  the  open  end,  or  through  the  cover  of  the 
cylinder^  In  the  first  casej  it  requires  very  little  special  arrange- 
ment, and  may  be,  in  fact  is,  frequently  made  of  wood.  In  the 
ieoond  case,  it  must  go  through  a  stuffing  hox^  must,  therefore,  be 
turned,  and  can  only  be  made  of  iron  or  gun  metal.  The  dimen* 
aions  of  the  piston  rod  ia  to  be  calculated  according  to  the  received 
theory  of  the  strength  of  materials.  If  d  be  the  diameter  of  the 
working  cylinder,  and  p  the  preasure  of  the  water,  on  each  square 

ft  dr 

inch  of  the  piston,  the  force  P  »  — - .  p\  and  if  d^  be  the  diameter 
of  the  piston  rod,  and  K  the  modulus  of  strength  of  its  material^ 


then  its  strength  =  i*  = 
we  have i  d^^d    f'^. 


K^  and  by  equating  the  two  forces. 


K  ia  to  be  taken  from  the  table  in  YoL  I* 


S  186,  and  p  is  given  by  the  formula  p  s  — ^< 

144 

The  stuffing  box  (Fr,  hotte  d  garaiture;  Ger.  StopfhUchie)  ia  a 

I  box  placed  on  the  cylinder  cover,  so  lined  with  leather  or  hempen 


THB  VALVES. 


Fijf  2I>5. 


ringa,  that  the  piBton  rod,  in  passing  through  it,  has  freedom  to  motej 
but  the  passage  is  rendered  water,  or  air,  or  steam  tight^  aeeordii 
to  circumstances.     For  water-pressure  engines,  a  leather  packing 
found  to  answer  best.     Fig*  295  shows  the  apparatus  in  qnestioi 

A  A  IB  the  piston  rod,  SS  the  stnffi] 
box,  £aC  its  packings  I>I}  the  coti 
with   the  screws  for  compressing  thi 
packing,     A  grease  cnp  is  simk  in  tf 
cover  By  and  kept  filled  wJth  a  ^ 
composed  of  6  parts  hog*s  lard,  5 
tallow,  and  1  part  palm  oil,  or  with 'pi 
olive  oil,  or  neatVfoot  oil. 

In  the  engine  at  Clanstbal,  oiling 
presses  are  applied,  having  a  small  pii 
ton,  worked  hjr  a  weight*  and  whicl 
fiDFoee  the  grease  into  the  packin] 
through  a  fine  tube  communicating  with  the  channels  of  a  brai 
ring,  having  a  section  of  the  I  form,  and  round  which  the  packing 
lapped* 

§  182,  Tht  Valvei. — The  valves  and  their  gear  are,  as  it  were, 
the  very  heart  of  the  water-pressure  engine^  for  it  is  by  tt^em  the 
machine  is  made  conttnuonslj  self-acting.  The  valves  cover  and^^ 
uncover  apertures  for  the  admission  and  discharge  of  the  watef^^| 
from  the  cylinder,  and  these  are  worked  so  as  to  open  and  shut  the' 
apertures  alternate! j^  by  means  of  fftar  eonnected  with  moving  parta 
of  the  engine,  so  that  the  engine  is  thereby  made  $eff -acting.  The 
valves  are  either  cqcIcm^  or  iluiing  pistenM*  The  latter  form  ia  n^w 
generally  adopted. 

The  manner  of  applying  a  cock  as  a  valve  has  been  already  ex- 
plained^ so  that  we  shall  now  only  further  describe  the  slidiiig  piston 
valves.  The  arrangement  of  piston  valves  for  a  single  acting,  single 
cylinder  engine  is  shown  in  Figs.  296  and  2^1.     £  is  the  preaaiire 


Fig.  2m. 
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pipe,  C  the  working  cylinder,  B  the  valve  cylinder,  A  the  discharge 
pipe,  K  the  piston  valve,  and  i  its  counter  puton^  which,  by  taking 
the  equal  and  opposite  pressure,  renders  the  movement  of  the  valves 
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more  easy.  When,  as  in  Fig.  296,  JTis  lowered,  the  working  cylin- 
der and  pressure  pipes  are  in  communication,  and  when,  as  in  Fig. 
297,  K  is  raised  to  the  position  iT^  the  communication  between  the 
pressure  pipes  and  cylinder  is  shut,  and  the  passage  for  discharge 
of  water  from  the  cylinder  is  open.  In  the  double-acting  engine,  or 
in  the  double-cylinder  engine,  the  slide  pistons  must  be  arranged  as 
in  Figs.  298  and  299.     JS  is  the  pressure  pipe,  O  the  pipe  going 

Fiir.  298. 


to  the  top,  and  0^  that  going  to  the  bottom  of  the  working  cylinder 
(or  going  respectively  to  the  bottom  of  the  two  cylinders  in  the 
double-cylinder  engine).  A  is  the  discharge  pipe  for  the  water  sup- 
plied by  the  first,  and  A^  that  for  the  water  supplied  by  the  second. 
From  Fig.  298,  we  see  that,  when  the  slide  valve  is  up,  the  pressure 
pipe  is  in  communication  with  (7,  and  the  discharge  made  through 
Ay  and  when  the  slide  pistons  are  lowered,  as  in  Fig.  299,  the  com- 
munication is  open  to  6\,  and  the  used  water  discharged  from  C  by 
the  pipe  A.  ♦ 

§  183.  The  Valve  Cock, — The  cock  is  used  for  smaller  engines, 
as  shown  in  Fig.  300.  ffff  is  the  cock,  BB  its  cover,  K  is  the 
squared  end  on  to  which  a  lever  for  turning  it  fits,  2>  is  a  screw  for 
raising  or  lowering  the  cock  in  its  cover.  The  passages  of  the  cock 
are  made  so  as  to  suit  the  purposes  to  which  it  is  applied,  as  we 
have  explained  above. 

In  Fig.  300,  a  means  of  counteracting  the  effects  of  greater  pres- 
sure coming  on  one  side  of  the  cock  is  shown;  b  b^  are  two  cuts  on 
the  cock,  communicating  with  the  passage  a,  by  the  openings  e,  (?„ 
so  that  a  counter  pressure  is  obtained,  which,  by  proper  adjustment 
of  the  parts,  cut  out  at  b  and  i^,  balance  the  diagonal  pressure  in 
the  main  passage. 

In  order  to  equalize  the  wear  of  the  cocks  on  all  sides,  Mr.  Brer- 
del,  of  Freiberg,  introduced  the  method  of  turning  them  round  cor- 
tinuously  in  the  same  direction,  instead  of  turning  them  backwards 
and  forwards  through  only  90°.  We  shall  see  the  application  of 
this  valve  in  a  description  of  a  water-pressure  engine  erected  by  M. 
Brendrel,  in  the  sequel. 

26* 
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§  184,   The  Slide-piston   Valve. — The  pistons  are  generally  ma 
of  Blips  of  leatherj  placed  one  above  the  other,  and  closely  pack* 


Fii.30a 


Fig.  301, 


together,  as  we  haYe  mentioned  for  the  packing  of  the  stuffing  box 
in  §  181-  The  engine  at  Huelgoat,  was  originally  made  with  cjlii 
drical  slide  valves  of  gun  metaL  These  lasted,  without  repair,  fo 
seven  years;  but  in  1839,  the  valves  having  worn  loose,  a  depth  ' 
5  inches,  consieting  of  24  discs,  or  rings  of  leather  pressed  togethe 
and  accurately  turned  down^  was  substituted.  Reichenbach  made 
the  cylinder  valves  of  tm,  and  the  engines  in  Bavaria^  in  most  recent 
times,  have  had  the  valves  made  by  a  combination  of  leather  and 
tin  rines. 

At  t^e  end  of  the  stroke  of  the  working  piston,  the  valve  piBton 
^K  (Fig*  301)  rises,  gradually  shutting  off  the  water  from  the 
cylinder,  but  in  gradually  checking  the  flow  of  water  in  the  course 
J&(7,  the  piston  is  pressed  on  one  side,  and  this  gives  rise  to  a  very 
rapid  wear.  To  prevent  this,  the  end  of  the  pipe  CP  communicat- 
ing with  the  working  cylinder  is  carried  quite  round  the  valve  cylin- 
der, so  that  it  incloses  it,  and  the  water  then  presses  equally 
every  side  of  the  pistoB|  as  it  moves  up  and  down.    The  paei 
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suffers  by  this  arrangement,  as  it  has  room  to  expatid  at  this  j^olntj 
and  has  to  be  compressed  as  it  passes  into  the  cjlinder  above  or 
below  it.     On  this  account  the  sup- 
ply of  water  to  the  cylinder  is  carried  Fir.  302, 
through   a  series  of  openings,   as 


shown  in  the  horizontal  section  in 
Fig.  302.      The  objection   to  this 
arrangement  is»  that  it  increases  the 
hydraulic  resistances.     The  form  of 
the  valve  piston  if  is  of  great  im- 
portance.    The  commumcation  be- 
tween C  and  E  must  not   be   sud- 
denly opened  or  shut,  so  that  the  column  of  water,  in  motion »  may 
not  be  suddenly  brought  to  rest ;  for  this  acts  violently  on  the  engine, 
on  the  same  principle  as  is  more  fully  developed  in  the  so-called 
hydraulie  ram*     The  gradual  openinc 
of  the  communication  may  be  managed  ^'S-  ^^- 

by  giving  the  piston  a  particular  form. 
We  shall  hereafter  show  how  a  slow  mo- 
tion of  the  valve  piston  is  effected,  and 
in  the  mean  time  point  out,  that,  by 
giving  a  conical  shape  to  the  head^  or 
Uiat  part  of  the  piston  which  begins 
the  closing  of  the  porttj  a  ring-farmed 
opening  is  made  between  O  and  E^ 
which  is  gradually  diminished  as  the 
piston  ascends,  until  it  is  finally  closed. 
Besides  this  arrangement,  the  top  of 
the  slide  piston  is  perforated  by  slits 
that  gradually  diminish,  but  leave  a 
narrow  commumcation  between  Cand 
£,  even  when  the  ring-formed  opening 
above  mentioned  is  quite  closed,  so  that 
the  passage  is  not  perfectly  closed  un- 
til the  slide-piston  stroke  is  completed. 
This  system  of  coning  out  the  top,  and 
perforating  the  upper  part  of  the  pis- 
ton proper,  is  applied  in  the  Clatisthal 
water-pressure  engine- 

§  185,  The  Valve  ff^or.— The  gear 
for  moving  the  valves  of  water- pressure 
engines  is  generally  complicated,  more 
so,  for  instance,  than  in  the  steam  en^ 
gine,  because  water  is  practically  an 
incompressible  fluid,  exerting  no  pres- 
sure when  cut  off  from  the  pressure  column.  When  the  piston  K^ 
Fig.  303,  in  ascending,  cuts  off  the  pressure  column  from  the  work- 


ing cylinder  0,  then  either  the  motion  of  the 
or,  in  virtue  of  its  vis  viva^  it  moves  away  ti . 


pistoa  cesses, 
i^L"  water  in  the 


cjljBder,  as  this  has  no  expansive  capabilitj.  But  this  formation 
of  a  yacuum  under  the  pigton  mnst  be  carefully  avoided,  andj  there- 
fore, the  valve  piston  should  begin  to  rise,  while  the  main  piston 
stroke  is  still  unfinished,  and  thus  the  vis  viva  of  all  the  parts  con- 
nected with  it  is  gradually  destroyed  by  the  gradual  cutting  off  of^ 
the  pressure  column.  But  although  the  stroke  of  the  piston  ia  conijl 
pie  ted  as  the  slide  valve  closes  the  communication,  the  motion  of  the 
slides  must  not  stop  here.  The  water  in  the  working  cylinder  mufit 
now  be  discharged.  The  valve  must  rise  somewhat  higher,  in  order 
to  open  tlie  orifice  of  discharge.  Hence  it  is  not  pogiibie  to  work 
the  valve  gear  direeth^  from  the  moving  parts  of  the  engine,  for  then 
the  motton  of  both  would  cease  simultaneously.  Intermediate  gear 
must  be  introduced,  by  which  the  motion  of  the  valve  piston  is  con- 
tinued after  the  working  piston  has  come  to  rest.  This  gear  may 
be  w^orked  either  by  weights,  raised  by  the  piston  in  ita  ascent,  and 
let  fall  at  a  particular  part  of  the  course,  or  by  springs,  bent  during 
the  motion  of  the  piston,  and  disengaged  at  the  end  of  the  stroke, 
or  by  a  subsidiary  engine  regulated  by  the  main  engine,  but  whose 
working  piston  moves  the  valves  of  the  main  engine.  The  gear  of 
water  engines  is,  therefore,  either  counter-balance  gear^  spring  gtar^ 
or  water-pressure  gear, 

§  186,  Caunter-baiance  Gear. — This  gear  was  the  first  employed, 
and  is  now  found  only  as  the  older  water-pressure  engines,  under  the 
name  of  fall  bob^  valve  hammer^  and  other  names.  The  principle  of 
the  different  systems  is  always  the  same.  They  are  essentially  a 
heavy  weight  raised  by  the  working  piston,  and  suddenly  lot  go  to 
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axis  (7,  and  consists  of  a  heayy  bob  (7,  and  two  fork-like  spi^gs  FH 
and  i^i/^i,  carrying  a  cross  head  DBD^j  having  a  proiecting  piece 
Bf  in  the  centre,  passing  between  two  small  rollers  on  the  valye  rod. 
The  bob  is  raised  so  as  to  exceed  the  summit  of  its  arc,  by  means  of 
UnJc  work  CHNMLB,  connected  with  the  ram  of  the  engine  at  JZ. 
Motion  is  not  communicated  from  the  axis  of  the  pendulum  (7,  but 
by  means  of  an  arm  CO^  on  a  separate  axis,  and  forming  a  single 
bent  lever  with  Cfff  and  which  pushes  out  the  sprines  FB  and  F^D^ 
alternately,  so  far  that  the  bob  Q-  is  brought  beyond  the  position  of 
stable  equilibrium,  and  in  its  fall  gives  the  valve  rod  the  requisite 
extra  push  to  right  or  left.  At  the  commencement  of  the  stroke  of 
the  working  piston,  the  whole  apparatus  has- necessarily  a  very  slow 
motion.  The  coming  into  play  of  the  arm  (70,  on  the  one  or  other 
spring,  should  only  take  place  when  the  stroke  is  nearly  completed, 
that,  as  the  valve  piston  gradually  advances,  the  retarded  motion  of 
the  working  piston  may  begin. 

It  is  easy  to  perceive  from  our  HBgure,  how  the  pressure  water  is 
introduced  into  the  cylinder,  and  discharged  from  it  at  the  end  of 
the  stroke.  When  the  piston  S  is  in  the  orifice  A^  the  pressure 
water  from  E  enters  by  the  opposite  orifice  into  the  cylinder ;  but 
if  S  be  in  the  orifice  next  E^  so  that  the  orifice  A  is  open  to  the 
cylinder,  then  the  water  that  has  raised  the  ram  discharges  into  the 
waste-course  at  A. 

Remark,  This  little  engine  has  60  feet  fall,  4  feet  stroke,  1|  foot  diameter  working 
cylinder,  and  made  (in  1839)  1  stroke  in  65  seconds. 

§  187.  Tf^  Valve  Hammer. — The  arrangement  of  the  valve  ham- 
mer, is  well  illustrated  bv  that  on  the  water  engine  at  Bleiberg,  in 
Karinthia,  and  which  is  fully  described  in  O-erstner's  ^^  Mechanics." 
Fig.  305  shows  this  arrangement  in  plan  and  elevation.  A  and  A^ 
are  the  rods  of  the  working  pistons,  BBB^  is  a  balance  beam  con- 
nected by  chains  and  counter-chains  with  the  rods.     The  valve  ham- 
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and  N^  at  the  bottom  of  the  working  cylinders ;  and  through  the 
side  passage,  the  pressure  water  is  brought  to  the  cock  from  the 
cylinder.  In  order  that  only  as  much  water  may  be  used  as  is 
necessary  to  fill  the  space  passed  through  by  the  working  piston,  the 
discharge  is  made  to  take  place  under  water  into  special  reservoirs 
TTand  W^. 

Rtmark.  The  engine  now  defcribed  hu  ft  &U  of  300  feet,  itioke  6i  feet,  cylinder  7 
inches  diRmeier,  8  strokes  per  minute.  It  is  in  manj  respects  an  imperfect  engine;  but 
it  is  eoonomicBllj  adapted  fo  iu  position.  We  have  not  onlj  to  consider  mechanical 
perftetifm  in  the  construction  of  engines  in  general,  but  we  have  to  weigh  well  the  cir- 
cumstances in  which  the  engine  is  to  work,  the  Ihcilities  for  repair  in  the  particular 
locality,  and  the  relative  supply  and  demand  for  the  water  power. 

§  188.  Auxiliarjf  Water-Engine  Valve  Gear. — ^No  application  of 
spring- valve  gear  has  been  made;  but  the  method  of  using  an 
auxiliary  water  engine  is  now  come  into  very  general  use.     The 

feneral  arrangement  of  such  an  auxiliary  engine  gear  is  shown  in 
ig.  306,  as  applied  to  the  great  water-pressure  engine  in  the  Le<h 

Tig.  306. 


pold  shaft,  near  Chemnitz.  This  engine  has  two  cylinders,  C  and 
Cy  E\%  the  pressure  pipe,  A  the  discharge  pipe,  Jx  the  main  cock, 
Jl  a  quadrant  key  fastened  on  the  cock.  The  auxiliary  engine  has 
a  horizontal  cylinder  a  a^,  with  a  piston  I  on  the  piston  rod  e  e^. 
The  piston  rod  is  connected  with  the  valve  rod  d  <{,  by  cross  pieces, 
so  that  the  two  united  form  a  rectan^lar  frame.  The  valve  rod  is 
connected  with  the  quadrant  by  two  chains,  so  that  the  reciprocating 
motion  of  the  piston  b  communicates  a  rotary  motion  of  90^  to  the 
cock.  The  auxiliary  engine  is  worked  by  means  of  the  cock  A  A, 
lying  horizontally,  with  two  baree^  or  passages,  as  in  the  case  of  the 
main  cock  H.  The  little  pipe  e  communicating  with  the  pressure 
pipe  E^  takes  the  pressure  water  to  the  cock  A  A,,  from  which  it 
passes  through  the  pipes  ff^  to  one  side  or  the  other  of  the  piston 
by  so  that  it  is  moved  backwards  and  forwards,  the  water  used  in 
each  alternate  stroke  being  discharged  by  the  other  passage  in  the 
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cock,  atjd  thence  by  a  pipe  from  h.     The  small  cock  A  A,  is  turned, 
by  tbe  double-harsdled  key  g  g^  connected  by  slender  chains  to 
double-armed  lever  parallel  to  it,  and  which  is  on  the  same  axis 
the  balance  beam  to  which  the  piBton  rods  of  the  two  cylinders  %\ 

Fjg,  307. 


attached.  The  whole  play  of  the  valve  gear  is  now  evident.  While 
the  working  piston  rises  and  the  other  descends,  the  cock  A  A^  is 
turned  by  the  lever  or  key  g  g^^  thus  the  communication  betwee 
the  water  and  the  cylinder  a  a,  is  opened  or  shut,  and  thus  powe 
is  obtained  for  bringing  the  piston  h^  and  the  cock  H  into  th^ 
opposite  position,  so  that  the  first  working  cylinder  m  now  shall 
off  from  the  pressure  pipe,  and  the  second  put  in  communieattaq 
with  iti 

iZcmarJb.  The  engine  in  the  Leopold  «tiafl  \im  710  feet  faU  (AustjriAn  measuTe),  8  I 
(iroke^  U  inch  diametej-  of  cjr Under  ^  eaclii  piston  makes  3  ttioku  pef  rainuie. 

§  189*  The  working  of  the  valves  (Fig.  308)  by  means  of  as 
auxiliary  engine,  is  well   illustrated  by  that  of  the  double-actinj 
water-pressure  engine  atEbensee,  io  Salzburg;  the  auxiliary  enginQ 
being,  in  this  case,  an  exact  model  of  the  working  engine.     CC,  ifti 
the  cylinder  of  the  principal  engine,  and  cCj  that  of  the  aujciliary-i 
K  is  the  piston  of  the  one,  and  k  that  of  the  other  cylinder.     S  an4| 
S^  are  the  valve  pistons  of  the  workings  and  %  and  t^  those  of  tliaj 
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auxilitLry  eogine.  EJE^  (Fig,  308)  is  the  main  pressure  pipe,  and 
€  fj  the  pipe  eommunieating  with  ihe  atixiliarj  engine.  Lastlj,  ^1 
and  Jf,  are  tbe  orifices  of  discharge  of  the  main,  and  a  a^  those  of 
the  auxiliary  engine.     Thus  the  one  engine  is  an  exact  counterpart 

Fig.  SOS. 


of  the  other,  the  dimensions  being,  however,  very  different  in  the 
two*  The  valve  gear  of  the  auxiliary  engine  consists  in  the  canti- 
lever BB  attached  to  the  main  piston  rod  at  D — of  the  valve  piston 
rod  g  «,  connected  by  the  Vinkfg  to  the  rod  1 1^,  on  which  there  are 
two  studs  placed,  so  that  the  lever  J)B  catches  upon  thera  a  little 
before  the  end  of  the  up  and  down  strokes,  respectively,  of  the  main 
piston,  and  thus  the  valve  piston  is  moved.  It  is  ea«y  to  trace  how 
this  motion  admits  the  pressure  water  alternately  above  and  below 
the  piston  if,  so  as  to  raise  or  depress  the  valve  pistons  k  Si  *S, 
giving  the  required  alternation  of  admission  of  the  pressure  water 
above  and  below  the  main  piston  K* 

RanarL  The  engine  at  Ebensee  has  a  fall  of  only  36  Ttet,  a  stroke  of  17  inche*,  and 
&  cyljntler  of  9^  incbe«  diameter.  It  make*  6  itrokea  per  mimne,  mnd  moves  two  dou- 
ble ftiCling  purnp», 

I  190.   The  Valv€   Cylinder, — In  the  larger  engines  of  recent 
date,  the  valve  pistons  of  the  main  cylinder  are  inclosed  in  the  same 
pipe,  or  cylinder,  as  the  piston  of  the  auxiliary  engine  ;  and  in  so 
engines  the  counter-pressure  vi  >iston  balancing  the  preM 
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on  the  valve,  is  the  working  piston  of  the  auxiliary  engine,  and  thus 
great  siinplicity  of  construction  is  attained. 

Fig.  309  shows  a  simple  arrangement  adopted  in  two  engines  in 
the  Freiberg  mining  district.  S  is  the  main  piston  valve,  and  G 
the  counter-pressure  piston,  C  an  intermediate  pipe  communicating 
with  the  main  cylinder,  S  the  entrance  for  the  pressure  water,  aud 
A  the  orifice  of  discbarge  for  the  water  used,  e  is  the  communica- 
tion with  the  valve  of  the  auxiliary  engine,  which  in  this  case  is  a 
cock.     The  piston  O  in  larger  than  %  and,  therefore,   the  valve 
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The  system  of  valves  shown  in  Fig.  310,  is  that  of  the  Glausthal 
engine,  and  here  the  waste  of  water  is  less  than  in  the  last  men- 
tioned system.  For  there  are  three  pistons;  namely:  the  main 
valve  piston  AK^  the  counter  piston  (7,  and  the  auxiliary  piston  IT; 
the  latter  being  somewhat  less  in  area  than  the  former.  The  water 
is  brought  into  the  valve  cylinder  by  the  pipe  e,  and  the  reverse 
motion  of  the  piston  is  eiTected  by  a  small  cock  through  which  the 
water  enters  before  coming  into  e,  and  through  which,  also,  when 
the  revolution  is  completed,  it  is  let  oiT.  The  cock  is  moved  by  link 
work,  by  means  of  a  tap  on  the  main  piston  rod. 


The  engines  at  Claiisthal  have  612  Teet  fall,  diameter  of  cylinder  16)  inches, 
stroke  6  feet,  and  make  4  strokes  per  minute. 

§  191.  Saxon  Water-Pressure  Engine. — The  arrangement  and 
motions  of  a  double  cylinder  water-pressure  engine  may  be  clearly 
understood  by  a  study  of  a  sectional  view  of  the  engine,  erected  in 
the  Alte  Mordgrube,  near  Freyberg,  in  Saxony,  delineated  in  Fig. 
311.  CK  and  C^K^  are  the  two  working  cylinders,  if  and  K^  being 
the  working  pistons,  S  and  T  are  the  two  valve  pistons,  W  is  the 
auxiliary  piston,  and  S^  T^  and  IT,  are  the  points  in  the  valve 
cylinder  ATW^at  which  the  pistons  are  for  the  return  stroke  of 
the  working  pistons.  H  is  the  entrance  of  the  pressure  pipe  JS^E 
into  the  valve  cylinder,  OS  is  the  intermediate  pipe  communicating 
with  the  one,  and  C^  T  the  pipe  communicating  with  the  other  work- 
ing cylinder.  A  is  the  orifice  of  discharge  of  the  one,  and  A^  that 
of  the  other  (this  latter  orifice  is  nearly  covered  by  the  piston  rod 
in  the  drawing).  The  two  piston  rods  JBK  and  B^A^  are  connected 
by  a  balance  beam  (not  shown  in  the  figure),  so  that  as  the  one  piston 
ascends  the  other  descends.  It  is  hence  easy  to  perceive,  that,  for 
the  lower  position  of  the  valve  piston,  here  represented,  the  pressure 
water  takes  the  course  SS.Cy  driving  the  piston  f  upwards,  and 
that  the  piston  K^  is  pushed  downwards,  the  used  water  taking  the 
course  O^T^A^  to  the  discharge  orifice  A^, 

The  auxiliary  valve  consists  of  a  four-way  cock  h  (already  de- 
scribed) shown  at  I.  in  the  second  position,  and  external  elevation 
at  11.  This  cock  gives  passage  between  the  pipe  e  e^  and  the  pres- 
sure pipe,  and  between  g  h  and  the  valve  cylinder. 

It  b  evident  that  in  the  one  poution  of  A,  the  pressure  water 
takes  the  course  He^  ehg  Wy  and  presses  down  the  auxiliary  piston 
Wj  whilst  for  the  second  position  of  A,  the  pressure  water  is  shut 
off  from  Wt  and  hence  the  ascent  of  the  valve  piston  system  STW^ 
the  return  of  the  valve  water  through  g  A,  and  its  discharge  at  a  a,, 
can  take  place.  That  the  valve  piston  system  may  rise  when  the 
water  is  snut  off  from  TT,  and  may  descend  when  it  is  let  on,  it  i.s 
necessary  that  the  piston  T,  pressed  upwards  by  the  pressure  water, 
should  have  a  greater  sectional  area  than  the  piston  S^  which  is 
pressed  downwards  by  the  pressure  water;  and  also,  the  auxiliary 
piston  must  have  sufiicient  area  that  the  water  pressure,  or  W  and 
S  together,  may  exceed  the  opposite  pressure  on  21 
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The  valve  gear  of  this  machine  is  composed  of  a  ratchet  wheel  r, 
a  catch  r  A:,  a  rod  k  A,  and  a  bent  lever  k  ef  with  its  friction  wheel 
J\  and  the  two  wedge-formed  pieces  m  m,  set  on  each  piston  rod. 
The  catch  r  A:  is  connected  with  the  axis  of  the  cock,  and  is  held 
liy  a  small  balance  weight  q  in  its  place  on  the  ratchet  wheel. 
When  the  piston  K  has  reached  nearly  the  end  of  its  stroke,  the 
wedge  m  (or  m^)  passes  under  the  friction  wheel,  and  turns  the  lever 
fch  to  9L  certain  extent,  so  that  the  rod  hkis  drawn  up,  and  the 
wheel  and  cock  A  are  turned  through  a  quadrant.  As  the  working 
piston  makes  its  return  stroke,  the  lever  falls  back  again,  and  the 
catch  slides  back  over  the  next  tooth  of  the  ratchet,  and  is  ready 
at  about  the  end  of  this  return  stroke  to  push  round  the  ratchet,  &c. 

RttHork.  The  u-Bter-prewure  engine  in  the  Alie  Mcirdgrube,  ha«  n  fiitl  of  35G  feet, 
a  »troke  of  8  feel,  18  inche*  diameter  of  cjrlinder,  and  makei  4  double  itrokes  per 
minute. 

§  192.  Iluelgoat  Water-preBsure  Engine. — One  of  the  largest 
and  most  perfect  water-pressure  engines  hitherto  erected,  is  that  at 
Iluelgoat,  in  Brittany.  It  is  a  single-cylinder,  single-acting  engine. 
Fig.  812  represents  the  essential  parts  of  this  engine,  and  its  valve 
^ear.  CC^  is  the  working  cylinder,  KK^  the  working  piston,  and 
liB^  the  piston  rod  working  through  a  stuffing  box  at  B.  In  the 
Saxon  engine,  the  piston  is  packed  by  a  single  sheet  of  leather;  but 
in  this  engine,  the  rim  of  the  piston  is  packed,  and  there  is  also  a 
sheet  of  leather,  held  in  its  place  by  a  ring.  The  valve  cylinder 
ASG  is  united  to  the  working  cylinder  by  the  pipe  DD,,  into  which 
the  pressure  pipe  opens  at  E^  and  the  discharge  pipe  at  ^.  To  the 
valve  piston  S^  a  counter-balance  piston  T  of  greater  diameter  is 
connected  by  the  rod  ST.  This  system  will,  therefore,  be  forced 
upwards  by  the  pressure  water,  if  a  third  force  be  not  brought  into 
play.  This  third  force  is,  however,  produced  by  bringing  the  pres- 
sure water  above  7,  through  the  pipe  e,  e/,  and  in  order  to  use  only 
a  small  quantity  of  water  for  working  this  valve  system,  a  hollow 
cylinder  GH  is  placed  on  T,  passing  through  a  stuffing  box  at  H^ 
and,  therefore,  exposing  only  an  annular  area  to  the  pressure  of  the 
water. 

The  alternate  admission  and  exclusion  of  the  pressure  water  of 
the  hollow  space  g  g^  is  eifected  by  an  auxiliary  valve  system,  re- 
sembling the  main  valve  system  in -every  respect;  consisting  like  it 
of  a  valve  pistori  «,  a  counter-balance  piston  f,  which  is  a  solid  piston 
passing  through  a  stuffing  box  at  A.  For  the  position  •  <  A,  shown 
in  our  figure,  the  pressure  water  has  free  circulation  through  ef  to 
ij ;  but  \i  Bt  h  be  raised,  so  as  to  bring  •  above  /,  this  passage  is 
stopped,  and  the  valve  water,  in  the  hollow  space  jr^r,  escapes  through 
(I  a,,  when  ST  goes  up.  Lastly,  to  derive  the  motion  of  the  auxiliary 
valve-piston  system  from  the  engine  itself,  there  is  let  into  the  work- 
ing piston  KK^  an  upright  rod  with  a  feather  edge  attached  to  the 
Hide.  This  feather  has  a  series  of  holes  drilled  in  it,  into  which 
catches  can  be  put  as  X^^  JT,,  at  tlic  required  distance  apart.  The 
link  6  A  is  connected  to  two  levers,  centred  at  r  and  o,  and  connected 
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by  the  link  L  The  end  of  the 
one  lever  has  an  arc,  on  which 
there  are  two  projections  or 
catches  F„  y,.  As  the  up 
stroke  of  the  piston  comes  to 
an  end,  the  catch  X^  strikes 
r»n  Y^,  and  thus  9th  is  moved 
to  its  upper  position,  and  at 
nearly  the  end  of  the  down 
stroke  of  the  piston,  the  catch 
X^  strikes  Y^  and  the  valve 
system  s  t  h  descends  to  a 
lower  position.  It  is  now  easy 
to  perceive  how  the  alternate 
positions  of  ST,  necessary  for 
the  reciprocating  motion  of 
are  pro- 


Fig.  313. 


KK,, 


the   piston, 
<Iuced. 

§  193.  The  following  are 
the  details  of  the  construction 
of  Mr.  Darlington's  water- 
pressure  engine.  The  first 
engine  erected  in  England 
with  cylinder  or  piston  valves, 
was  that  put  pp  in  the  Alport 
mines,  Derbyshire,  in  the  year 
1842.  This  was  a  single  cy- 
linder engine.  Its  success  was 
complete,  and  others  were 
erected  on  the  same  plan. 
But  in  1845,  a  combined  cylin^ 
der  engine  was  designed,  and 
erected  by  the  same  engineer, 
which  is  found  practically  to 
have  several  aavantages  for 
such  large  supplies  of  water  as 
that  consumed  by  the  pump- 
ing engine,  of  wmch  are  sub- 
joined accurate  reductions  of 
the  working  drawings. 

Fig.  318  IS  a  front  elevation 
of  the  combined  cylinder  en- 
^'ine.  ^  Fiff.  814  is  a  sectional 
view,  and  Fi^.  815  is  a  general 
plan.  POj  IS  the  bottom  of 
the  pressure  column,  180  feet 
high,  and  24  inches  internal 
<liamet«r,  OC  ajTQ  the  Qpmbined  cjrlind^rs,  each  24  inches  diameter, 
oj)en  at  top,  with  hemp-packed  pistons  a  (Fig.  314),  and  piston  rods 
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iw,  combined  bj  a  cro&s  head  h^  working  between  guides  in  a  etrong 
frame.  The  admission  throttle  valve  is  a  sluice  valve,  shown  at  &, 
Fig-  813,  and  between  the  letters  b  and  «  aad  Fig*  315*     The  main 

Fif.315. 


or  working  ¥»lve,  is  a  piston  ^,  18  inches  in  diameter^  Fig.  314, 
with  its  eonnter  or  equiUMum  piston  %hQV^.  The  orifice  6?r  the 
admission  of  the  pressure  water  is  between  the  two  pistona.     The 

J  intermediate  pipe  dt  is  a  flat  pip^,  into  which  numerous  ftperturea 

I  lead  from  the  valve  cylinder  (seen  immediately  under  j,  Fig,  314). 
The  valve  piston  is  in  the  position  for  discharging  the  water  from 
the  cylinders  through  the  pipe  *?,  Fig.  314,  by  the  sluice  valve  k. 
The  valve  gear  is  worked  by  an  auxiliary  engine  A,  by  means  of 

^  the  lever  v.  The  auxiliary  engine  valves^  are  piston  valves  in  the 
valve  cylinder  «,  Figs,  314  and  315,  communicating  with  the  pres- 

I  sure  pipes  hy  a  small  pipe,  provided  with  cocks,  as  shown  in  Fig. 

I  Si 5,     The  motion  of  the  auxiliary  engine  valves  is  effected  by  a  pair 

I  of  tappets  tfj  ^\  set  on  a  vertical  rod  attached  to  the  cross  head  n* 

\  These  tappets  move  the  fall  bob  6,  by  means  of  the  eantidever  t^ 
Fig*  313,  the  other  end  of  the  lever  being  linked  to  the  rod  #j  Fig. 

I  814,  which  again  is  linked  to  the  auxiliary  pUton  valve  rod. 

The  play  of  the  machine  is  now  raanifeet.     It  is  in  every  respect 

I  analogous   to  the   Harz  and   Huelgoat  engines,  described  above. 

'  The  average  speed  of  the  engine  is  140  feet  per  minute,  or  7  double 
strokes  per  minute.     This  requires  a  velocity  of  something  less  than 

j  2 1  feet  per  second  of  the  water  in  the  pressure  pipes ;  and  as  all  the 
Talve  apertures  are  large,  the  hydraulic  resistances  must  be  very 

I  small.     The  engine  is  direct  acting,  drawing  water  from  a  depth  of 

1 135  feet,  by  means  of  the  spear  «*,  u\  Figs.  313  and  314.  The 
^box,"  or  bucket  of  the  pump,  is  28  inches  in  diameter^  so  that 
the  discharge  is  266  gallons  per  stroke,  or,  when  working  full  apeeti 
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1862  gallons  per  minute.  The  mechanical  effect  dne  to  the  fall 
and  quantity  of  water  consumed  is  nearly  140  horse  power.  The 
mechanical  effect  involved  in  the  discharge  of  the  last-named  quantity 
of  water  is  nearly  74  horse  power,  so  that,  supposing  the  efficiency  of 
the  engine  and  pumps  to  be  on  a  par  with  each  other,  the  efficiency 
of  the  two  being  (f  208),  f, »  Tlyl^t  the  efficiency  of  the  engine 

alone  17 »     *^  ^'  ^     *\^      » ,85,  or,  in  the  language  of  Cornish 

engineers,  85  per  cent,  is  the  duty  of  the  engine. 

The  cost  of  maintenance,  grease,  &c.,  of  the  ennne,  is  only  .£40 

E)r  annum.     In  every  particular,  it  redounds  to  die  credit  of  Mr. 
arlington's  skill  as  an  hydraulic  engineer. 

Balance. — ^For  regulating  the  motion  of  water-pressare  engines, 
several  auxiliary  arrangements  are  necessary,  which  we  shall  explain 
hereafter.  The  ascent  and  descent  of  the  working  piston  is  regu- 
lated by  an  arrangement  called  a  balaneej  or  amnter^balancey  which 
aids  the  motion  of  the  piston  in  the  one  direction,  and  retards  it  in 
the  other,  so  that  the  working  of  the  machine  goes  on  with  a  nearly 
uniform  velocity.  In  the  £uble-cylinder  engine,  the  balance  is 
effected  by  a  simple  beam,  connecting  the  two  cylinders.  In  the 
double-acting,  single-cylinder  engine,  a  fly  wheel  is  necessary,  and 
in  the  single-acting,  single-cylinder  engine,  a  counterbalance  weight, 
either  of  a  solid  bodv,  or  of  a  column  of  water,  an  hydraulic  halance^ 
is  employed.  On  the  subject  of  ^'  Regulators  of  Motion,"  we,  for 
the  present,  make  only  a  few  general  remarks.  The  mechanical 
balance  consists  of  a  beam  with  a  weight  at  one  end,  and  having  the 
other  end  attached  to  the  piston  of  the  engine,  so  that  the  weight 
assists  during  the  working  stroke  of  the  piston  to  counterbalance 
the  piston  and  rods;  and  during  the  down  stroke,  or  discharge  of  the 
used  water,  prevents  the  too  rapid  return  of  the  piston  and  rods : 
the  adjustment  being  such  as  to  allow  of  the  discharge  stroke  being 
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piston  and  of  the  yaWe  pistons,  there  are  necessary,  four  cocks  or 
valves— one  in  the  pressure  pipe,  and  one  in  the  discharge  pipe  (as 
Z,  Fig.  312) ;  also  a  cock  in  the  pipe  leading  the  valve  water  above 
the  auxiliary  piston,  and  another  similar  in  the  pipe  which  discharges 
the  water  used  in  the  valves,  as  e  and  a  in  Fig.  312. 

To  get  the  highest  eflSciency  from  a  water-pressure  engine,  its 
work  should  be  such  as  to  render  any  contraction  of  the  pressure 
pipes,  by  a  throttle  valve,  unnecessary  for  its  uniform  motion.  If, 
however,  the  useful  effect  of  the  engine  is  greater  than  is  required 
by  the  work  to  be  done,  the  excess  must  be  taken  away  by  checking 
the  supply  by  means  of  the  throttle  valve,  or  by  shortening  the 
stroke  of  the  engine. 

If  it  be  an  object  to  save  water,  the  latter  means  is  the  best  when 
possible,  because  the  eflSciency  of  the  machine  is  not  thereby  inter- 
fered with. 

A  change  in  the  length  of  stroke  of  the  pistcm  is  easily  effected 
by  altering  the  position  of  the  catches  on  the  rod  Xj,  X^  Fig.  812. 
The  nearer  X,  and  X,  are  brought  together,  the  earlier  the  revers- 
ing of  the  stroke  ensues ;  and,  therefore,  the  shorter  is  the  stroke  of 
the  working  piston. 

§  195.  Meehanieal  Effect  of  WaUr-^e$$ure  EngintM. — In  comput- 
ing the  effect  of  water-pressure  engines,  we  shall  make  use  of  the 
following  symbols : — 

F  »  the  area  of  the  working  piston. 

F^  «■  the  area  of  the  pressure  pipes. 

d  «■  the  diameter  of  the  working  piston. 

d^  »  the  diameter  of  the  pressure  pipe. 

d^  SB  the  diameter  of  the  discharge  pipe. 

h  a  the  fall  from  surface  of  reservoir  to  surfitce  of  water  in 
discharge  channel. 

h^  »  the  vertical  distance  from  the  surface  of  reservoir  to  the  sur- 
face of  piston  at  half  stroke. 

A,  »  the  distance  from  surface  of  discharged  water  to  the  piston 
at  half  stroke. 

$   »  the  stroke  of  the  piston. 

/i  «>  length  of  pressure  pipe. 

l^  a  length  of  discharge  pipe. 

V  mm  mean  velocity  of  piston. 

Fj  «■  mean  velocity  of  water  in  pressure  pipe. 

v^  B  mean  velocity  of  water  in  discharge  pipe. 
We  shall  assume  the  engine  to  be  single  acting,  making: 

n  as  the  number  of  strokes  per  minute. 

Q  »  the  quantity  of  water  used  per  second. 

The  mean  pressure  of  the  water  on  the  piston  surface  F  is 
P^  ^  F  /i,  y,  and,  therefore,  the  mechanical  effect  produced  per 
strokcy  prejudicial  resistances  neglected,  is  P^sma  Fsh^y,  and  per 
minute  nP«»  111* «A|y,  and,  therefore,  the  mean  eflfect  per  se- 
cond, is: 
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*      60  60         *  ' 


nFs 


60 


Q,A-  ^*ir» 


Id  the  return  of  the  piston,  the  mean  effectire  resistance  is : 
P^tm  F A.r*  <^<^^9  therefore,  the  mechanical  effect  consumed  is: 
P,  «  «■  JP  A,  9  y,  and  hence  the  loss  of  effect  per  second  is : 
X.  »  Q  A.  y,  andy  therefore,  the  effect  available 

i  -  X.  -  i.  -  Q  (A.  -  A )  r  ^  <?  A  r, 
as  in  many  other  hydraulic  recipient  machines. 

This  formula  is  evidently  not  changed  should  the  working  piston 
not  fill  up  the  cylinder,  t.  e.,  supposing  a  plunger  is  used,  round 
which  there  is  a  free  space,  or  supposing  the  piston  does  not  descend 
to  touch  the  bottom  of  the  cylinder.  Nor  would  the  circumstance 
of  the  discharge  taking  place  behw  the  mean  position  of  the  piston 
— ^that  is,  of  1L  being  negative,  or  A  «■  A,  +  A,  alter  the  formula. 
F  is  the  area  of  a  section  of  the  piston  at  right  angles  to  its  axis, 

orJPs—T- ,  and,  therefore,  the  form  of  the  piston  can  have  no 
4 

effect. 

§  196.  Friction  of  the  Piston. — Of  the  prejudicial  resistances, 
the  friction  of  the  piston  is  a  principal  one.  As  there  are  no  accu- 
rate experiments  on  this  subject,  we  must  content  ourselves  by  esti- 
mating it  from  the  pressure  of  the  water,  and  a  co-efficient  of  fric- 
tion ascertained  in  the  nearest  possible  analogous  circumstances.  If 
the  packing  be  on  the  hydrostatic  plan,  the  force  with  which  each 
element  e  of  the  packing  is  pressed  against  the  cylinder  during  the 
up  stroke  is  »  e  A^^,  and  during  the  down  stroke  it  is  s*/e  A,  y,  and 
hence  the  friction  a»/e  A,  y,  and /eA^y,  respectively.  The  total 
friction  will  be  the  sum  of  the  frictions  of  all  the  elements,  or  of  the 
area  of  the  whole  packing.  If  the  breadth  of  the  packing  be  b, 
then  ftdbia  the  area,  and  then  the  piston  friction  is  It^^»fftdbhiy 
for  up  stroke^  and  R^^fndb  h^y  for  down  stroke. 

It  is  conYenient  to  expreas  the  varioua  prejudicial  resistances  i 
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and  hence  the  resultant  mean  effect: 

X  -  ^  (i>.-PJ  .  -  ^  ((A  -  A.)  -4/*  (A.  +  h;))F,y 

-(A-4/|(*.  +  A.))<?r. 

If  the  rifling  pipe  height  A,  «■  0,  or  be  yery  smalli  then  we  haye 
more  simply 

We  see  from  this  that  the  loss  of  effect  from  friction  of  piston  is 

so  much  the  greater,  the  greater  -^  and  ^  are,  that  is,  the  greater 

h         h 

the  head,  and  the  greater  the  counter-balance  head. 

To  reduce  this  friction,  the  packing  should  not  haye  unnecessary 

width.     In  existing  machines  --  ■■  0,1  to  0,2.     The  co-efficient  of 

a 

friction  is  to  be  taken  as  determined  by  Morin,  /«-  0,25.   This  being 

assumed,  we  see  that  4/-  »  0,1  to  0,2,  or  that  the  friction  of  the 
a 

piston  absorbs  from  10  to  20  per  cent,  of  the  whole  ayailable  power. 

§  197.  Hydraulic  Prejudicial  BesistanceM. — Another  source  of 

loss  of  effect  in  water-pressure  engines,  is  the  friction  of  the  water 

in  the  pressure  and  discharge  pipes.    According  to  the  theory  giyen 

in  Vol.  I.  §  829,  the  pressure  height  or  head  corresponding  to  this 

loss,  i  being  the  co-efficient  of  friction,  is 

h  «■  C  .  --  .  _..    This  applied  to  the  pressure  pipe,  becomes 
d     2g 

A^  ■■  C  •  -^  .  2r-9  ^^^  applied  to  the  discharge  pipe  it  is 

I       V* 

As""  C  .  -^  .  ^.    But  the  qPAUtity  of  water,  is 

IAl  .  V,  .  !L^  .v'^l^v,  therefore, 
4  4  4 

dj*  v^  mm  d*  V,  ■■  cP  V,  Or  v^  mm  / _  j  v,  and  t^,  ■■  ( — j  r,  and,  hence, 
we  may  put 


A'      2^"     -      '     d.'      2g' 
and  for  yelocities  (v.  and  v^)  of  from  5  to  10  feet, 
f- 0,021  to  0,020. 
In  order  to  reduce  these  resistances,  the  pipes  most  be  of  as  great 
diameter  as  possible,  and  the  number  of  strokes  as  few  as  possible. 
The  motion  of  water  in  the  pipes  of  a  water-pressure  engine  is 
different  from  that  in  ordinary  conduit  pipes,  inasmuch  as  in  the 
former  the  yelocity  continually  yaries,  whilst  in  the  latter  it  is  sen- 
sibly uniform. 
VOL.  n. — 28 
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Hence  the  inertia  of  the  water  plays  a  more  conspioiioiiB  part  in 
the  one  than  in  the  other.  In  order  to  put  a  masa,  Mj  into  motion 
with  a  velocity  v,  there  is  required  to  be  expended  an  amount  of 

mechanical  effect  represented  by—— .;  and  hence  to  commiuiGate 

Z 

to  the  colomn  of  water  in  the  pressure  pipes  a  velocity  t^i,  the 

weight  being  F^  l^  y,  there  is  required  an  amount  of  mechanical: 

effect «-l'|Z|y .  •^.    If  the  water  column  be  cut  off  from  the  working 

cylinder  only  at  the  end  of  the  stroke  of  the  piston,  this  amount  of 
effect  would  not  be  lost,  for  this  column  would  restore,  or  give  back 
the  mechanical  effect,  during  the  gradual  cessation  of  the  piston's 
motion;  but  the  cutting  off  of  the  water  pressure  from  the  working 
piston  takes  place,  although  near  the  end  of  the  stroke,  yet  gra- 
dually and  while  the  piston  is  in  motion,  so  that  the  working  piston 
and  column  of  water  come  to  rest  at  the  same  instant ;  and  hence 
the  valve  piston  causes  a  gradual  absorption  of  all  the  vis  viva  of 
the  water  column  during  the  first  half  of  its  ascent,  inasmuch  as  it 
brings  a  gradually  increasing  resistance  in  the  way,  by  gradually 
decreasing  the  passage,  and  hence  we  may  assume  that  the  mecham- 

V  ^  • 
oal  effect  due  to  inertia,  F^l^y  .  -^1%  la$t  at  each  stroke* 

If  we  introduce  v^  «■  ^^  v,  and  F^  «■  —r^y  ^^^  ^^  have  for  the 
(ij  4 

above  amount  of  mechanical  effect —-—  .  --— ^  Y  •  tt-^  ^^^i  hence,  the 
mean  effort  during  the  whole  stroke  9, 

K  d*      (PI.  V* 

sad  the  corresponding  loss  of  fall  or  pressore  head : 

(PL      - 
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restores  this  vis  vaa  at  the  oommeneement  of  the  next  stroke,  the  water  being  forced 
from  the  air  vessel  into  the  working  cylinder,  nearly  as  if  under  the  original  hydrostatic 
pressure.  In  the  application  of  this  arrangement  to  machines  having  very  great  fidls, 
the  air  in  the  vessel  has  been  found  to  mix  with  the  water,  so  that  it  is  gradually  removed 
from  it  entirely.  To  prevent  this,  either  a  piston  must  be  fitted  into  the  air  cylinder,  or 
air  must  be  continually  supplied  to  it  by  a  small  air  pump  to  make  up  the  absorption  of 
it  by  the  water. 

§  198.  Changes  in  direction  and  in  sectional  areas  of  the  varions 
pipes  of  a  water^pressure  engine  are  farther  canses  of  diminished 
efficiency.  Although  these  losses  may  be  calculated  by  the  formulas 
given  in  the  third  and  fourth  parts  of  the  sixth  section  of  the  first 
volume,  it  appears  necessary  that  we  should  here  bring  together  the 
formulas  to  be  applied. 

In  the  pressure  and  discharge  pipes,  there  are  bent  knee  pieces, 
the  motion  of  the  water  through  which  involves  a  loss  of  head,  which 
may  be  expressed,  according  to  Vol.  I.  §  834,  by  the  formula 

A  ■■  i',  ^  .  ---.     Here  fi  is  the  arc  of  curvature,  generally  ■■  ~,  C.  is 
^  H     2g  >6  /      2'    * 

a  co-efficient  depending  on  the  ratio  between  the  radius  r  of  the  sec- 
tional area  of  the  pipe,  and  the  radius  of  curvature  of  the  axis  of  the 
pipe,  and  which  may  be  calculated  by  the  formula 

f^  »  0,131  +  1,847  (-V,  or  may  be  taken  from  the  tables  given  at 

the  place  cited.  For  a  bend  in  the  pressure  pipe,  the  head  due  to 
the  resistance  is 

and  for  a  bend  in  the  discharge  pipe: 

At  the  entrance  of  the  water  into  the  valve  cylinder,  as  well  as  at 
its  discharge  from  it,  the  water  is  suddenly  turned  aside  at  a  right 
angle,  exactly  as  in  an  elbow,  or  rectangular  knee  piece.  There  is, 
therefore,  a  loss  of  head  in  this  case,  which,  according  to  Vol.  I.  § 

333,  may  be  put:  h  ■■  0,984  — ,  or  almost  equal  to  —  •  For  uni- 
formity's sake,  we  shall  put  this  loss  of  head  for  the  pressure  pipe : 

and  for  the  discharge  pipe : 

Sudden  changes  in  sectional  area^  as,  for  example,  at  the  entrance 
and  discharge  of  the  water  into  and  from  the  working  cylinder, 
give  rise,  in  like  manner,  to  a  loss  of  pressure  head.  According 
to  Vol.  I.  §  337,  such  a  loss  is  determined  by  the  formula, 

(XT  \*  fj* 

-=-  —  1 1  TT-  •     For  the  entrance  of  the  water  into  the  work- 
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ing  cylinder,  this  fommla  applies  directly,  if  F  and  JP,  be  the  areas 
of  the  cylmder  andj)re88are  pipes  respectively.    For  the  discharge 

,  in  which  a  is  the  co-efficient  of  contrac- 


on  the  other  hand  •=-  a 


tion.    If  o  «•  0,6,  then  I 1\  —  |;  and  hence  the  head  dne  to 

the  resistance  to  the  entrance  of  the  water  into  the  cylinder : 

and  for  the  discharge : 

For  simplicity's  sake,  however,  we  shall  put 

,  then 


>'.. 


80  that,  when  V  ■_  _ __  is  introduced,  and  1*, 
4 


4 


/-(0(i)'-'(^)' 

To  avoid  loss  of  effect  by  sadden  variations  of  velocity  generally, 
the  intermediate  pipes,  and  parts  of  the  valve  cylinder  through 
which  the  water  passes,  should  have  the  same  area  as  the  pressure 
and  discharge  pipes,  or,  at  all  events,  the  intermediate  passages 
should  gradually  widen  out  to  the  area  of  the  main  pipes. 

There  are  further  special  losses  of  effect  occasioned  by  the  cocks 
and  throttle  valves.     These  are  to  be  calculated  by  the  formula 

A  »  {f .  —  and  the  co-efficients  f ^  depend  on  the  position  or  angle 


or 
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and  the  mechanical  effect  prodnced  per  second: 

L  -  [A,-(A.  +  A,  +  A4  +  . .  •  +  *J]  .  ^  .  ^»v 
If,  again,  we  pnt: 

then  we  may  express  the  useful  effect  yery  simply  and  comprehen- 
sively, by 

X-[*-(4/|(».  +  *J  +  [.,  (i)V..(D*]  .  9] .  ^F.,. 

On  account  of  the  greater  length  of  the  pressure  pipes,  S|  is  con- 
siderably more  than  «,;  and,  therefore,  the  time  for  the  up  stroke 
t^  is  usually  allowed  to  be  longer  than  that  for  the  down  stroke  t^ 

If  we  make  the  ratio  ^  »  r  ■■  ^,  then 

t^  -  —r^  •  — -» w^d  e,-  __  .  — - ; 

r  +  l        n  r+l        » 

and  if  we  retain  v  as  the  yalue  of  the  mean  velocity  of  a  double  stroke 
2  s         2  It  A 

a.  -^TwT'  ^^^'^  ^^®  mean  velocity  during  the  up  stroke 

f ,  +  t,       60" 

•       r  +  1    n«      »  +  1    V 
"■rj""r"'60"     r     '2' 
and  that  during  the  down  stroke 

and,  hence,  the  useful  effect  may  be  expressed  more  generally : 


-.C4i)'(^*]$)]f«-". 


n 


or,  introducing  _  .  jP«  ■■  ^, 


0      4  0 

or,  mtroducmg  v  v  -^  v  — ^, 
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x-(»-[4/»,».+«+(^^+^)i+iy 

In  the  double-acting,  water-pressure  engine,  the  mechanical  effect 
produced  is  of  course  doubled. 

This  formula  shows,  very  clearly,  that  the  useful  effect  of  a  water- 
pressure  engine  is  greater,  the  greater  d,  d^  and  d^  are,  or  the  wider 
the  cylinder  and  pipes.  It  is  also  demonstrable,  by  aid  of  the 
higher  calculus,  that  for  a  given  number  of  strokes  the  useful  effect 
is  a  maximum,  or  the  prejudicial  resistances  are  a  minimum,  when 

X  —-,  that  is,  when  9  -*    (-L-J..     If,   for  example,  dL  =  d,. 

and  «,  -a  8  «,,  then  9  «  4/8  =  2,  or  the  time  for  the  up  stroke  would 
be  double  that  for  the  down  stroke.  By  applying  a  balance  beam, 
attached  to  the  working  piston  rod,  this  ratio  y,  between  the  time  for 
the  up  and  down  stroke,  may  be  a^usted  by  the  counter-balance 
weight  applied.  Any  regulation  by  means  of  the  throttle  valve,  or 
cocks,  on  the  pressure  or  discharge  pipes,  can  only  be  effected  at 
the  cost  of  useful  effect,  as  by  these  a  loss  of  power  measured  by  f, 
is  occasioned,  and  which  increases  in  proportion  as  the  passages  are 
contracted. 

If  the  mechanical  effect  required  be  less  than  the  best  effect  of 
the  engine,  the  excess  must  be  destroyed  or  checked  by  the  throttle 
valves. 

Exampk.  It  18  require<I  to  make  the  calculations  necessary  for  establishing  a  single- 
acting,  tingle  cylinder,  water-pressure  engine  for  a  fall  h  =s  350  feet,  and  a  quantity  of 
water  Q  =  1  cubic  foot  per  second. 

Suppose  V  the  mean  velocity  of  the  up  and  down  stroke  s=  1  foot,  then  for  its  area, 

2  0      2     1 
we  have  F  ^  —-r  ^  —1 —  ss=  2  square  feet :  and  if  we  arrange  that  the  water  shall 

V  1 

move  through  the  pressure  and  discharge  pipes  with  a  velocity  o^^v^^S  feet,  then 

20 
for  the  section  of  these  pipes,  we  have  Fi  ^—xa  1  is  0,4  square  feet    Hence   the 


diameter  of  the  working  piston,  J  ^    / —  ^    f  —  :b  1,5958  feet ;  and  that  of  the  pres- 

sure  and  discharge  pipes,  (/i^(/a as    / L^     /_!- ^  0,71364  feet     For  simplicity 

and  certainty,  we  shall  assume  d  s=  20  inches,  and  (/j  as  </,  ss  7  inches. 

If,  for  counter-balancing  the  rodsi  &c^  we  carry  up  the  discharge  pipe  SO  feet  above 
the  mean  height  of  the  piston,  or  make  A,  as  50  feet,  then  A,  ss  A  -{-  A,  ^  400  feet  We 
shall  assume  further,  that  the  total  length  of  pressure  pipe  l^  ^  450  feet,  and  that  of  the 
fliscliarge  pipe  i^as  66  feet    For  a  diameter  of  20  inches, 

F  =  —zs'.  E£  =  2,182  square  feet  ...p=si^=     ^     » 0,9166  feet 
4         4       9  F        2,182 

Suppose  we  have  4  strokes  per  minute,  then  the  length  of  stroke 

s=?^«?2_L2!^l^=6.8745feet 
2«  8 

If,  again,  we  suppose  the  width  of  the  packing  of  the  piston  6  es  |cf  as  2)  inchei,  we  get 
as  tlie  pressure  height  absorbed  by  the  friction  of  the  piston : 

4  ft.  (A.+  AJ  as  4  .  0,25  .  i  (400+  50)  «  i^«  56,25  fee^ 
a  8 
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or  there  remaini,  after  deducting  the  pUton  fVietioD,  the  head  350  —  56,25  ib  293,75 
feet  To  calculate  the  hydraulic  resittanoes,  we  must,  in  the  first  place,  dptermine  a, 
and  Bp    That  for  the  pressure  pipe, 

and  that  for  the  discharge  pipe : 

Og       a"!  w 

and  in  these  expressions : 

(»i0,02],  ^»i^»600,and^«:^s88; 

therefore,  C  j  »  0,02 1  .  600  «  12,6,  and  (  ^  a  0,02 1  .  88  -s  ]  ,85.    Again, 

£l!A=  (^ly  .  ^  .  13,26,  and  !VA.  /IV  JL=  1,94. 
rf»«        \20/      6,87  «ff        VaO/    6,87 

If  we  further  assume,  that  the  bends  in  the  pipes  have  radii  of  curvature  a  ib  4  r,  or 

if  —  IB  i,  we  have  as  the  oo-efficient  of  resistance  in  bends : 
a 

(i  SB 0,131  +  1}847  (-A^^  0,145,  and  if  the  aggregate  angle  of  deflexion  by  corves 

in  the  pressure  and  discharge  pipes  ^  270^,  or  if: 

?L  =  ?L  =  ?!?!=  I  then,  C.  ?L  =  C,  ?L  =  0,145  .  I  «  0,22. 
w        w       180«       '         ^    ir        ^'  ir  ' 

If,  further,  the  water,  before  and  after  its  work  is  done  in  the  cylinder,  makes  two  rec- 
tangular deviations  in  its  progress  through  the  valve  cylinder,  we  have,  in  the  formulas 
for  «!  and  u^  (^sb2  .  Isb2;  and  if  the  valve  cylinder  is  of  the  same  diameter  as  the 
pressure  and  connecting  pipes,  the  co-efficient  of  resistance  for  the  up  stroke 

fj—  [l  —  (^'Yl'sa:  (1  —  0,2025)t  s=i0,64,  whilst  for  the  down  stiokef^-a  |  ■sr0,44. 

If  the  throttle  and  other  passage  valves  be  fully  open,  then  (5^0,  and,  therefore,  we 
liave  «.  BB  12,60  +  13,26  +  0,22  +  2,00  +  0,64  s  28,72,  and 

■,  as  1,85  4.  1,94  +  0,22  +  2,00  +  0,44  s  6,45 
Lastly,  we  have  the  best  ratio  of  the  times  for  tlie  up  stroke  and  down  stroke  : 


'  ^        1,646,  or  nearly  5  to  3. 


J,45 
By  introducing  these  values,  we  get  the  height  of  column  remaining : 

-.-[.>»<.,+y+(.+,)(±i)-.i.(i^y] 

B  293,75  —  16,79.  0,0155  .  ^^  '  ^^^^  «=  293,75  —  2,37  as  29 1,38  feet. 
729.  «» 
From  this  we  get  the  efficiency  of  this  engine,  neglecting  the  mechanical  eflect  required 

for  working  the  valves,  «  =  ??!:??  s  0,832,  and  the  useful  effect : 

350 
Z  ^29 1,38  .  1  .  62,5  =s  18211  feet  lbs.,  or  3,1  horse  power,  nearly. 

§  200.  Adjustment  of  the  Valves. — The  arrangement  and  proper 
adjustment  of  the  valves  is  a  most  important  part  of  the  water-pres- 
sure engine.  As  in  all  the  engines  we  have  described  piston  valves 
are  used,  we  shall,  in  what  follows,  confine  ourselves  to  the  considera- 
tion of  these  arrangements. 

We  shall  first  consider  the  system  having  two  pistons,  as  used  in 
some  of  the  Saxon  engines,  and  represented  in  Fig.  316. 
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Fig.  316. 


If  we  assame  that  the  valve  piston  S  is  pressed  apwards  with  a 
mean  pressure  A^  and  downwards  with  a  pressore  n^ ;  and  if  the 
height  of  the  counter  piston  O-  ahove  S  ^^  e^  and, 
therefore,  the  height  of  the  hydrostatic  column  under 
Q  ^  h^  —  e,  and  that  above  Q-  according  as  the 
water  is  let  on  or  shut  off,  Aj  —  e,  or  A,  —  e.  If 
further,  d,  »  the  diameter  of  Sj  and  d^  »  that  of  (r, 
and  we  shall  assume  that  the  packing  of  the  two  pis- 
tons consists  of  leather  discs  pressed  together,  and  that 
they  are  about  the  same  height  or  thickness.  If,  now, 
this  piston  valve  system  be  up,  as  shown  in  Fig.  316, 
the  letting  on  of  the  pressure  water  above  &  would 
occasion  a  descent  of  the  valves,  and,  therefore,  the 
difference  of  the  water  pressure  on  S  and  G,  in  com- 
bination with  the  weight'  It  of  the  system,  most  be 
sufficient  to  overcome  the  friction  of  the  piston  S  and 
(7.    The  pressure  downwards  on 

and  the  counter  pressure  under 

ft  d* 
The  downward  pressure  on  /S^  a  —J-  A^y,  and  the  counter  pressure 

H  d* 
under  /Ssa  —j^  Aj  y,  and,  hence,  the  power  to  push  the  system 

down: 


d. 


Hd,^ 


-JW-rf,«)(A,-A,)y  +  12, 
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ence  of  the  water  pressure  on  S  alone,  most  overcome  the  weight 
of  the  valve  system,  and  the  friction  of  the  pistons;  because  then 
the  pressures  on  both  sides  of  G^  cease,  we  must,  therefore,  have 

or,  more  simply : 

H  fly 
These  formulas  will  serve  for  calculating  the  diameters  d^  and  d^ 
of  the  two  pistons.    Neglecting  jB,  which,  in  considerable  falls,  is 
almost  always  of  small  amount : 

d^  —d^*^4f{d^  +  rf,),  and d *  —  4 f  (A  +  dX  therefore, 
d^—d,^^d^\  or  d^^2d,\ 
and,  hence,  the  diameter  of  the  counter  piston : 

(J,  -  (1^/2 -1,414  (Jj, 
or  about  j[  of  the  diameter  of  the  piston  valve,  which  is  determined 
by  the  first  equation: 

d,«-(J,*-4t(rf,  +  d,),or(J,-d-4t, 
if  we  substitute  in  it:  d^  ^/2  for  d^ 
We  then  have: 

rfi-  -^;^  -  (^/2  +  l).4t-  2,414.4t,and(J,-  3,*414  .  4t. 

Taking  the  weight  of  the  pistons  into  account,  we  have,  with  suf- 
ficient accuracy,  • 

4iJ 


"•-J^"'-;?^-'''^^- 


and  from  this,  we  have  by  the  equation  1 : 

^  '     •  ^^^Khyy/2  t«Ay(l  +  v/2)' 

rf,-(^2  +  l)4»  +  (^--;ff^,and 

A^  H  ny 

For  the  sake  of  certainty  in  the  working,  both  diameters  are 
made  somewhat  greater,  and  the  excess  of  power  is  absorbed  by 
setting  the  regulating  cocks,  already  mentioned,  so  as  to  exactly 
adjust  the  area  of  passage.  Judging  from  the  best  existing  engines, 
we  may  take  4t  »  0,1,  or  t  »  ^0-  ^^  order  that,  in  the  passage 
of  the  pressure  water  through  the  valve  cylinder,  there  may  be  the 
least  possible  hydraulic  resistance,  it  is  usually  made  of  equal  area, 
at  that  part,  with  the  area  of  the  pressure  and  intermediate  pipes ; 
and  supposing  the  formulas  give  a  diameter  <2^,  which  is  less  than 
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that  of  the  preasure  pipes,  we  may  consider  that  there  exists  an 
excess  of  power,  which  most  be  adjosted  by  the  regulating  cocks. 

Exatiq>U.  It  is  required  to  determine  the  proportions  of  a  two-piston  yalve  sjstem  fix 
a  water-pressure  engine  of  400  feet  fiili.    Suppose  the  wei^^t  of  the  pistons  and  rod, 
&c.  as  150  lbs.    Leaving  this  weight  out  of  the  cafculation,  the  diameter 
d,  as  2,414  .  4  t  SB  2,414  .  0,1  a  0,2414  feet  s  2,897  inches,  and  d^  s  3,414  .  0,1 
B  0,3414  s  4,097  inches.    Taking  the  weight  of  pistons,  &a,  into  aooount  d^  s  0,2414 

,       0,586.150 ^0,2414  4- i?l£!l«r  0,2414+ 0,0223=10,2637  a  =  3,164  inches, 

^0,05. 400.62,5*  ^8,33. »       »•       ^    »  »*  ,  -«-, 

audi/. IK 0,3414 -4 ^iHlld^^^ » 0,34 14 +0,0092  =0,35 16  leec» 4,2 10  inefaes. 

^  0,05.400.62,5  r        »         ^    '  »  ^ 

It  will  be  sufficient  in  this  case,  if  we  take  d^  ^  3^,  and  i/,  as  5  inches.  For  so  small  a 
counter-balance  to  piston  valve,  only  a  small  supply  of  water  is  neoeesary;  but  the  re- 
sistance in  the  passage  through  the  valve  cylinder  would  be  great  If,  on  this  account, 
we  put  (/,  ^  6  incites,  then  we  should  have  to  make  d^  at  least  as  <£,  ^2  ^  8,484 
inches,  that  is  from  8}  to  9  inches,  the  excess  of  power  being  absorbed  by  adjusting  the 
cocks. 

§  201.  In  the  three-piston  valve  system,  the  mode  of  calculation 
is  very  similar  to  that  gone  through  above.  The  advantage  of  this 
system  is,  that  we  may  make  one  of  the  pistons,  the  valve  piston 

? roper,  for  example,  of  the  same  diameter  as  the  pressure  pipes, 
'he  calculations  for  the  valves  in  the  engine  represented  in  Fig. 
311,  may  be  made  as  follows :  Putting  d^  »  the  diameter  of  the 
lower  piston,  or  first  valve  piston,  and  d^  that  of  the  second,  and  d^ 
that  of  the  upper  or  counter  piston;  then,  for  the  descent,  we  have 

H  n  y 

and  for  the  ascent : 

2.)  d,'-d>-±^  »  4 1 K  +  i.  +  d,). 

H  fly 

From  dj  we  can,  by  means  of  these  formulas,  determine  rf,  and  d^ 
making  c?,,  however,  somewhat  greater  than  the  calculation  gives 
for  insuring  certainty  of  action.     If  we  put  the  value  thus  found 
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and  that  in  the  ascent : 


*K«A.-(«i,»-«i.«)A,-d.»(A.-A^]y-i2; 
therefore: 

1.)  <f.»_*!rf,»  +  i^.  4t(rf,  +  d,+  d,),  and 

2.)d,*-d*  +  ^d*-l^^Uid,  +  d,  +  d,). 

n  H  ay 

If  (2i  be  given,  we  can  then  calculate  (2,  and  d^j  but  we  must  keep 
(7,  somewhat  aboye,  and  d^  somewhat  below  the  result  of  the  formula. 
The  formulas 

1.  d^  —  d^ «  8  tK  +  <?»  +  d^j  »»d 

2.  d,«  +  (*L+A«)d3««2d,«  +  l^, 

are  of  rather  simpler  application. 

For  the  valve  system  shown  in  Fig.  317,  already  mentioned  as 
that  of  the  Clausthal  engines,  we  have,  when  d^  »  the  diameter  of 
valve  piston,  <2,  the  diameter  of  upper  or  counter  piston,  and  d^  that 
of  the  lower  or  auxiliary  piston,  the  power  for  descent : 

Fig.  317. 
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The  power  of  ascent : 

J  K*  (*i  —  AO  —  ''i*  (*i  —  *0  +  <*t*  *  J  y  —  -B ;  therefore, 


1 .)  d,*  -  ^ ««.» +  lA  .  4  ♦  (rf.  +  rf,  +  rf,),  and 
i»  A  y 


h 


A  ft  ny 

BxampU,  Suppofing, as  in  tbe  lastmentiooed  enrioe,  A, ^ 688  feet, and  A, ^  76  feet, 
H ^  170  lbs.,  and  d,  as  }  foot,  we  get  the  diameters  of  the  other  pistons  as  follows: 

d,«-s 8  t  (d.  +  dt+  ^%)^  "nd  aleo  =  2  d/  —  ?A»  d,*+  iA,  or,  in  numbers: 

A  why 

<^*KiO,2  (0,5+ d2+d,),and a U,5— 2,248 d2*+ 0,0107.  If,now,  wea8ramed;B0,3 
feet,  we  have  by  one  formula  d,*  s  0,5107  — 0,2023  a  0,3084,  that  is  ^sa  0,555; 
and  bjr  the  second  formula,  d^  as  0,2  .  1,355  as  0,2710,  t.  e.  d,  ^0,5205.  But  if  we 
put  d2B0.33,  then  d/ b  0,5107  —  0,2448  »  0,2659,  or  d^  s  0,516,  and,  again, 
<^*  a  0,2  .  1,346  -s  0,2692,  or  d,  »  0,519.  Hence  d,  a  0,33  .  12  a  3,96,  or  about  4 
inches,  and  <^  is  0,52  .  1 2  as  6,24,  or  6i  inches.  Jordan,  the  engineer,  who  erected 
these  machines,  has  made  d^maA  inches,  1,6  lines,  and  dgsaS  inches,  9}  lines,  fiom 
which  we  deduce  that  4  f  is  somewhat  less  tlian  0,1  in  this  case. 

Remark,  To  calculate  more  accurately,  the  diameter  of  the  valve  rod  would  have  to  be 
taken  into  account 

§  202.  Water  for  the  Valves. — The  quantity  of  water  required, 
for  the  motion  of  the  valves,  gives  rise  to  the  loss  of  a  certain  amount 
of  mechanical  effect,  or  to  a  diminution  of  the  engine's  efficiency, 
because  it  is  abstracted  from  the  water  working  the  engine.  It 
should,  therefore,  be  rendered  as  little  as  possible,  that  is  d^  the 
diameter  of  the  counter  piston,  and  its  stroke  should  be  as  small  as 
possible.  The  stroke  depends  on  the  depth  of  the  valve  piston,  or 
on  the  diameter  of  the  intermediate  pipe.  The  intenucdiate  pipe  ib^ 
therefore,  made  rectangular ;  of  the  width  of  the  working  cylinder, 
and  low  in  proportion.     As  it  is  made  of  the  aame  area  as  the  prea- 
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or  the  I088  is  the  less  the  longer  the  stroke  of  the  ensine. 

As  to  the  yalve  gear,  the  power  required  to  work  it  is  so  small 
that  it  may  be  left  out  of  consideration.  The  study  of  the  arrange- 
ment of  the  mechanism  arises  under  another  section  of  our  work. 

Exawfk,  If  in  the  water-pressure  engine,  the  subject  of  the  example  calculated, 
there  be  applied  a  valve  piston  of  9  inches  diameter,  and,  therefore,  a  counter  piston 
^9^/2  ■■  13  inches  diameter.    If,  further,  the  intermediate  pipe  have  a  height 

o  M  — ^  ■■ ■■  — ~  ■■  3,18  inches,  then  the  valve  piston  roust  have  a  height 

«iiB  3  « IB  0,54  inches,  and  its  stroke  «|  ib  a,  -|-  ^  "■  13,72  indies  ^  1,06  feet  \  and 

therefore  the  quantity  of  water  expended  each  stroke  ib*  ( j  .  1,06  ^  0,977  cubic 

feet ;  and  hence  the  loss  of  effect  per  second : 

l^m^l.,  0,977  .  A).  B  A  .  0,977  . 360  . 62 .  5 «  U24.> feet Ibs^ or  nearly  3  harmpowv. 

It  would  certainly  be  better  in  this  case  to  make  the  piston  valves  less  in  diameter,  and 
have  a  lower  intermediate  pipe;  for  although  this  would  increase  the  hydraulic  resist- 
•oeea,  still  it  would  not  involve  so  great  a  kMs  as  the  waste  of  water  we  have  caknilated 
implies. 

§  203.  Experimental  ReiuUs, — There  are  not  many  good  experi- 
ments on  the  effect  of  water-pressure  engines.  These  engines  are 
usually  employed  as  pumping  engines  in  mines,  and  the  experiments 
that  have  been  made  involve  the  whole  machinery,  as  well  as  the 
engines  themselves,  in  the  results  as  to  the  efficiency.  But  it  is  very 
easy  to  get  an  approximate  determination  of  this  efficiency,  if  we 
assume  that  the  efficiency  of  water-pressure  engines  and  pumps  are 
in  certain  proportions  to  each  other.  This  assumption  we  may  make 
with  perfect  propriety,  as  the  engine  and  machine  are  very  analogous 
in  their  construction  and  movements.  We  shall  not  give  any  ad- 
vantage to  the  water-pressure  engine,  nor  be  far  from  the  truth,  if 
we  suppose  the  loss  of  effect  of  the  whole  apparatus  to  be  one-half 
due  to  the  water-pressure  engine.  The  calculation  then  becomes 
very  simple. 

The  effect  at  disposition  is^  {Fs  +  F^s^)  h  y,  in  which  F^  is  the 
section,  and  s^  the  stroke  of  the  auxiliary  piston.  The  effect  pro- 
duced, however,  is  —  J',  A,y ;  if  l*,  «  the  section  of  the  pump  piston, 

and  h^  the  height,  the  water  is  raised  by  the  pump.  The  loss  of 
effect  IS,  there&re, 

the  half  of  which  is : 

and  hence  the  efficiency  of  the  water-pressure  engine: 

VOL,  11. — 29 


888  BZPXBIMIHTAL  BI8ULT8« 

if  1}.  be  the  efficiency  of  the  combined  engine  and  pumps.  In  this 
mode  of  calculation,  it  is  assumed  that  there  are  no  losses  of  water, 
and  when  the  machine]^  is  in  ^ood  order,  this  loss  is  so  small  that 
it  may  be  neglected,  tlordan  found  for  the  Clausthal  engines,  that 
the  loss  of  water  in  the  water-pressure  engines  is  only  ^  per  cent, 
and  in  the  pumps  2^  per  cent.  The  experiments  are  made  by  open- 
ing the  regulating  apparatus  in  pressure  and  discharge  pipes,  and 
then  raising  the  height  of  the  pump  column,  or  increasing  ttie  work 
to  be  done  till  the  required  numoer  of  strokes  is  performed  unifarndg. 
By  experiments  on  this  principle,  Jordan  found  that  one  of  the 
Clausthal  engines  gave,  when  making  4  strokes  per  minute, 
tj^  wm  0,6568,  and  making  3  strokes  17^  wm  0,7055,  and,  therefore,  in 

the  first  case,  17  a  -1-1 —  a  0,8284,  and  in  the  second: 

,  .  1>!^  .  0,8527,  and  hence  as  a  mean  .,  -  0,84.     When  the 

Seatest  effect  of  a  water-pressure  engine  cannot  be  determined  by 
e  method  of  heightening  the  pump  column  till  a  uniform  motion 
is  established,  it  may  be  done  perhaps  by  diminishing  the  water- 
pressure  column.  This,  however,  can  only  be  done  when  the  excess 
of  power  of  the  engine  is  small,  that  is,  when  the  part  of  the  water- 
column  to  be  taken  off  is  small.  The  water  may  be  kept  at  a  cer- 
tain level  in  the  pressure  pipes,  ascertained  by  a  float,  and  in  this 
way  the  efficiency  for  a  certain  head  be  determmed.  The  engine  in 
Alte  Mordgrube,  near  Freyberg,  was  experimented  on  in  this  way, 
and  it  was  found  that  for  8  strokes  per  minute  t|^  «■  0,684,  and  hence 
the  efficiency  of  the  water-pressure  engine  alone  is  to  be  estimated 

as  ,  -  h^  .  0,842. 

The  most  of  the  results  reported  in  reference  to  the  etkct  of 
water-pressure  engines  are  too  uncertain  to  be  worthy  of  much  con- 
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(»  I  IS,  A  {  .  X™  lis  .  0,0159  .  6*  =  63,5  fert ;  and  h«nco, 


'('  +  : 


3,5, 


0/       *V    ^23X8+12/ 


. ,_  , .0,794. 

10(300  — 62.2)  + 0|4. 300/        '\      '237,8+12/ 

S  204,  Chain  Wheeh.—Theve  are  other  water-power  machines, 
neither  wheels  nor  prcagure  eiigines,  hat  which  are  to  he  met  with 
from  time  to  time.     We  may  meotion  the  following  :^ 

The  chain  of  buckets  (Fr*  rotte  d  pkton ;  Ger.  KoBenrad)  has 
recently  been  revived  as  a  machine  recipient  of  water  power  by  La- 
inoli&res  (tee  "Technologiste,*'  Sept.  1846)* 

The  principal  parts  of  this  machine  are  ACB^  Fig,  El 8,  o?er 
which  passes  a  chain  ADB^  form- 
ing the  axis  connecting  a  geries  ^^-  ^'^* 
of  pistong  (called  buckets  or 
Bauct?rsJ,  -B,  Jr,  ff ,  &c*,  and  a  pipe 
J^(?,  tnrongh  which  the  chain 
passes  in  such  manner,  that  the 
pistons  nearly  fill  the  section  of 
the  pipe*  The  water  flowing  in 
at  JS?5  descends  in  the  pipe  jFtf, 
carrying  the  buckets  along  with 
it,  thus  getting  the  whole  chain  in 
motion,  and  turning  the  sprocket 
wheel  ACB  round  with  it»  La- 
moli^re's  piston  wheel,  consists  of 
two  chains  having  from  10  to  15 
buckets  with  leather  packing. 
The  buckets  have  an  elliptical 
form,  the  major  axis  being  8  tiroes 
the  minor  axis.  The  sprocket 
wheel  coneista  of  two  discs  with 
six  cuts  to  receive  the  buckets. 

For  a  fall  of  two  metres  (6'  —  8"),  the  surface  of  buckets  being  0,25 
square  feet,  the  quantity  of  water  31  litres  {6,82  gallons)  per  second, 
the  number  of  revolutions  36  to  39 j  it  is  said  that  an  efficiency  ^  0,71 
to  0,72  was  obtained. 

Emuark.  Tliif  machine  i&  the  chaiti  pump  tised  in  Ihe  English  nnvy,  ranverted  inio  t 
Tecipient  of  power.  For  n  deseriptjon  of  the  chain  pumps,  Kf  Nicholson *a  "  Opetatkve 
Mech.;'  p.  26S. 

The  chain  of  buckets  (Fr.  norta,  ehapehty  pater-n^iter ;  Get* 

Etmerkette)  is  a  similar  apparatus.     The  chain  in  this  machine  has 

a  series  of  buckets  attached.  Fig*  319,  of  such  form  that  no  pipe  is 

required.     The  water  enters  at  A,  fills  the  buckets  successively, 

and  sets  the  whole  series  in  motion,  so  that  the  sprocket  wheel  C 

made  to  revolve.     This  wheel  should  give  a  very  high  efficiency, 

[seeing  that  the  whole  fall  may  be  made  use  of;  but  from  the  great 

I  iiumher  of  parts  of  which  it  is  composed,  their  liability  to  wear, 

I  ftud  other  sources  of  loss  of  effect,  it  is  practically  a  very  inefficient 

machine. 
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Fig.  320* 


Hmmrk.  We  mnj  here  mention,  tlwi  ihe  8<>C8lJetl  rcrtury  pump,  ratarj  ntemm  i 
ipcL,  mmf  be   ndnpted!   io  receive   water  power.     Ft^,  3'20,  repre»enita  a   water  pn 
wheels  of  wlikh  There  ii  a  detailed  de^npficm  and  theory  given  in  the  "  Polyiechd 
CefiTntlNntt.  IMO.^^     Il  la  PeDqueur'i   romry  fteem   engiiie   adapted   to  warer  powei 
SOSj  11  a  itrongi  acrumteLy  litmeil  aiifl^  ji  antt  ^,  being  two  wiogs  oofineeted  with  i 
nnri  which  &(^rvc  as  pi^stons.     These  pisionii  are  ettobned  m  a  coTer  DEJ},E„  in  wfaid 
thert!  atG  four  ulidei  moretl  by  the  engine  itsetr,  and  perfdrming:  the  Ainotiati*  of  taJt^s 
The  axis  b  bored  ihree  limes  in  ihe  direction  or  it*  Jength,  «ttd  e«ch  of  theboFlow  « 
tia»  a  Jattiral  cotT>munk»tion  wirliin  the  coTer.     The  pressure  water  flow^  ihrouiEh 
mner  bore  O,  enters  through  the  aide  opentngs  C  nnd  C,,  into  the^  in  othef  respecti, 
lAolaied  ipace  between  the  axis  and  the  cover ;  presses  against  the  pifionsv^  and  ^t,mw^ 
in  that  wHjr  sett  the  axis  in  rotation.     That  the  TDiaik>n  mny  not  be  intemipled  bf  tb« 
llidea,  tfaey  must  always  recede  htfbre  the  piston  comes  up  to  tbetn ;  ntid  on  the  other 
hamli  thai  no  water  pressure  m»y  act  on  the  opposite  aide  of  the  piston*  the  slides  ma 
fa  I J  Lnck  instantly  on  the  piston  passing  them^  so  that  the  fi{iaces  JiBE  and  Ji^B^M„  i 
shut  oti  and  communicate  only  with  the  pasaagct  B  and  j„  tfiiotigh  which  the  ' 
Il  discharged  when  It  has  done  iis  work. 

Mr.  Armstrong,  of  Newcastle,  conAtnicted  a  water-pressure  wheel  of  aboot  5  R  P.,  f 
in  1 ,  a  description  of  which  will  be  fo\xnd  in  the  "  Mechanic's  Magazine/'  vol  xjcxlL 

£i<fra/itr«H— We  shall  conclude  by  sotue  account  of  the  Hteratufe  and   stati^tiei 
water  pnfttyna  engines,     Belidor,  in  the  **  Architecture  Hydmnliqne/'  deiscribei  a  watei 

SresAure  engine  wiUt  a  horizontal  working  cylinder;  and  mentiooa,  also^  that,  in  l73Jj 
IM.  Denisard  and  Do  la  Duailte  had  constructed  a  wuterpreasyre  engitie.  B^it  thu 
inaebine  had  only  9  feet  Ihlli  and  raised  about  ^^  part  of  the  weight  of  the  power  i 
Io  a  height  of  3'2  feet  It  appears  pretty  eertain,  however,  that  the  waier^pi«Miire  c 
was  fmnptoyed  for  raising  water  from  mines,  firatby  Wintersrhmi<tt,and  sooci  i 
by  HolL  The  details  of  this  historical  foot  are  lo  be  fout>d  in  Burse's  **  Beirachtttq 
Winterschmidt  und  HtSlfschen  Wassersilulenmaschine,  Stc,,  Freiberg,  1804."  A  dit 
and  description  of  Winterfichmidtg  engine  is  given  in  Calvur's  **  Historiscb 
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Nacbficht,  &i%,  def  MaachinenwefeiM,  &Cn  uif  dem  Oberhane,  Bnuinichweig,  1763." 
HOiri  engine  it  described  in  Delius's  **  Introduction  to  Mining,"  originallj  published  at 
Vienna,  1773,  and  in  the  description  of  the  engines  erected  at  Schemnitz,  bj  Poda,  pub- 
lished at  Prague,  1771. 

Smeaton  mentions  the  water-pressure  engine  in  1765,  as  an  old  invention,  inaproved 
bj  Mr.  WestgRTth,  of  Coalcleugh,  in  the  county  of  Northumberland,  at  which  time  seyeral 
had  been  erected,  in  different  mines,  on  Mr.  Westgarth*s  plan.  8te  Smeatoo^s  **  Report," 
Tol.  iL  p.  96. 

Trevethick,  the  celebrated  Gomish  engineer,  also  invented  or  reproduced  the  waters 
pressure  engine;  and  erected  one,  sdli  at  work  in  the  Druid  copper  mine,  near  Truro, 
about  the  jear  1703.    See  Nicholson's  "Operative  Mech." 

The  water -pressure  engine  is  now  in  use  in  nearly  every  mining  district  in  the  world. 
The  Bavarian  engineer,  Reichenbach,  greatly  improved  and  has  made  a  most  extensive 
application  of  this  power  for  raising  the  brine  tn  the  boiling  establishmenu  in  the  8ahE*> 
bouif  district.  These  engines  have  never  been  accurately  described,  but  notices  of  them 
will  be  found  in  Langsdorf  s  **  Maschinenkunde,"  in  Hacheiie's  **TrBit6  ^l^mentaire  des 
Macbines.**  and  in  Flachat*s  **  TraitA  ^Ifoentaire  de  M^caniqne."  The  engines  erected 
bgr  BModd,  in  Saxony,  are  described  in  Gerstner's  **  Mechanik,"  where  also  the  engines 
in  Karinthia  and  at  Bleiberg  are  described  in  detail.  The  water-pressure  engines  in  the 
Schemnitz  district  are  described  by  Schitko,  in  his  **  Beitri&gen  zur  Bergbaukunde."  Joi^ 
dan  has  given  a  very  detailed  account  of  the  engines  at  Clausthal,  in  Karsten*s  "  Archiv 
nkr  Bfinflifafogie,**  &c.,  h.  z.,  published  as  a  separate  work  by  Reimer,  of  Berlin.  Junker 
has  deseribed  his  engines,  at  Hnelgoat,  in  the  "  Annales  des  Mines,"  voL  viiL  1835,  and 
the  description  is  published  as  a  separate  work,  by  Bachelier. 

No  desnriptkm  of  the  engines  erected  by  Mr.  S^ns,  of  Hexham,  has  been  published. 
They  are,  however,  simple  and  efficient  The  engine  erected  by  him  at  Wankxskhead, 
ia  Sootfauid,  in  1830  or  31,  having  the  (kll*bob  for  working  the  valves,  is  one  of  the  largest, 
and  ooDsidered  very  effiotent 

But  the  water-pressure  engine  erected  in  1842,  at  the  Alport  Mines,  near  Bakewell, 
in  Derbyshire,  and  several  others  on  nearly  the  same  model,  are  perhaps  the  most  per- 
fect of  this  dMcription  of  engine  hitherto  made.  These  engines  have  been  oonstructad 
from  the  designs  of  Mr.  Darlington,  engineer  of  the  Alport  Mines,  under  Mr.  Tayk>r,  by 
the  Butterly  Iron  Gxnpany.  There  is  a  beautiful  model  of  the  first  erected  at  Alport, 
in  the  Museum  of  Economic  Geok)gy,  but  no  description  of  it  has  yet  been  publi^ed. 
Its  arrangement — the  construction  of  its  parts— the  valves,  and  their  gear— are  each  of 
diem  admirable  and  peculiar  to  this  engine,  though,  in  its  general  features,  it  resembles 
the  engines  of  Brundel,  and  Junker,  and  Jordan,  which  have  been  described.— Tm. 


CHAPTER   VII. 

ON  WINDMILLS. 


§  205.  WindrntUs. — The  atmospheric  currents  caused  hj  a  local 
expansion  of  the  air  by  the  sun's  heat,  are  a  source  of  mechanical 
effect,  as  is  the  expansive  force  of  air  heated  artificially. 

The  machines,  recipients  of  this  wind  power,  are  windmills  (Fr. 
roueidvent;  Ger.  JVindrdder).  They  serve  to  convert  a  portion 
of  the  vis  viva  of  the  mass  of  air  in  motion  into  useful  effect.  As  the 
direction  of  the  wind  is  more  or  less  horizontal,  windmills  or  sail 
wheels  usually  have  the  axis  nearly  horizontal,  that  is,  they  are 
themselves  nearly  vertical. 

Horizontal  windmills,  having  concave  buckets  or  sails,  have  been 
erected.     The  force  of  the  wind  against  a  hollow  surface  is  greater 
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than  against  a  plane  o;  a  convex  smface,  and  hence  snch  a  wheel 
revolves  under  very  light  winds,  hut  not  advantageously  for  the  pro- 
duction of  mechanical  effect. 

Remark.  For  some  account  ofBeatson's  horizontal  windinillfl,acf  NicholBon's  **  Practical 
Mechanic,"  and  Gregore's  **  Mechanic,"  voL  ii 

§  206.  The  advantage  of  sail  wheels  over  any  construction  of 
bucket  wheel  is,  that  for  the  same  weight,  or  in  the  same  conditions 
generally,  they  produce  a  greater  effect  than  these  latter.  We 
shall,  therefore,  in  what  follows,  confine  ourselves  to  the  considera* 
tion  of  sail  wheels,  of  which  the  general  arrangement  is  as  follows: 
First,  there  is  the  axle  of  wood,  or  better,  of  iron.  This  shaft,  or 
axle,  is  inclined  at  an  angle  of  from  5  to  15  degrees  to  the  horizon, 
in  order  that  the  wheels  may  hang  free  from  the  structure  on  which 
they  are  placed,  and  also  because  the  wind  is  supposed  to  blow  at 
an  inclination  amounting  to  that  number  of  degrees.  This  axle  has 
a  head,  a  neck,  a  $pur  wheel,  and  a  pivot.  At  the  head  are  the 
arms — the  neck  is  tne  journal,  or  principal  point  of  support  on  which 
it  revolves.  The  spur  wheel  transmits  the  motion  to  the  work  to  be 
done,  and  the  pivot,  at  the  low  end  of  the  axis,  takes  up  a  certain 
amount  of  the  weight  and  counter-pressure  of  the  machine.  The 
loss  of  effect  arising  from  the  friction  of  the  axle  on  the  points  of 
support  is  considerable,  on  account  of  the  great  weight  and  strain 
upon  them,  as  also  on  account  of  the  velocity  with  which  it  generally 
revolves,  and  hence  every  means  must  be  taken  to  reduce  it.  On 
this  account,  iron  shafts  and  bearings  are  to  be  preferred  to  wooden 
ones,  as  they  may  be  made  of  much  less  diameter.  The  diameter 
of  a  wooden  neck  being  1^  to  2  feet;  that  of  an  iron  one  substituted, 
need  not  be  more  than  6  to  9  inches.  The  friction  of  wooden  axles 
is  also  in  itself  greater  than  that  of  iron. 

§  207.  Windmill  Sails, — A  windmill  sail  consists  of  the  arm  or 
whip,  of  the  cross  bars,  and  of  the  clothing.     The  whips  are  radial 
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made  from  j  to  §  of  the  length  of  the  whip.     The  -whips  are  not 

Sinerall  J  made  the  centre  line  of  the  sails,  but  they  diyide  them  so 
at  the  part  next  the  wind  equals  from  ^  to  }  of  the  entire  width 
of  the  sail.  Therefore,  the  bars  project  much  less  from  the  one  side 
than  from  the  other.  The  narrower  side  is  usually  covered  by  the 
so-called  windboard,  and,  on  the  wide  side,  the  winddoor  or  a  sail- 
cloth clothing  is  used. 

The  sails  are  made  plane,  or  surfaces  of  double  curvature,  t.  «., 
warped,  or  concave.  The  slightly  hollow  surfaces  of  double  curvature 
give  the  greatest  effect,  as  we  shall  learn  in  the  sequel.  For  plane 
sails,  the  bars  have  all  the  same  inclination  of  from  12  to  18  degrees 
to  the  plane  of  rotation.  In  the  double-curvature  sails,  the  first 
bars  are  set  at  24°,  and  the  outer  bars  at  6°  from  the  plane  of  rota- 
tion, and  the  inclinations  of  the  intermediate  bars  form  a  transition 
between  these  two  angles.  To  give  the  sails  concavity,  the  whips 
must  be  curved,  as  also  the  bars.  Although,  according  to  the  theory 
of  the  wind's  impulse,  this  form  gives  an  increased  effect,  the  diffi- 
culty of  execution  renders  it  near^  inapplicable.  The  ends  of  the 
bars  are  connected  or  strung  together  by  uplongs^  and  sometimes 
there  are  3  of  these  uplongs  on  the  driving  and  2  on  the  leading  side 
of  the  sail,  to  strengthen  uie  lattice  on  which  the  sailcloth  lies,  on  a 
series  of  frames  of  not  more  than  2  square  feet  each. 

§  208.  Po9tmitt$. — ^As  the  direction  of  the  wind  is  variable,  and 
the  axis  has  to  be  in  that  direction,  the  support  of  the  wheel  must 
have  a  motion  on  a  vertical  axis. 

According  to  the  manner  of  effecting  this  rotation,  windmills  may 
be  subdivided  into  two  classes:  the  postmill  (Fr.  moulin  ordinaire; 
Crer.  BockmUhle)j  Fig.  821,  and  the  smockmill,  or  towermill  (Fr. 
moulin  HoUandais;  Oer.  HolUindi»ehe^  or  ThurmmiihU). 

In  the  postmill,  the  whole  structure  turns  on  a  foot,  or  centre ; 
and  in  the  smockmill,  only  the  cap,  with  the  gudgeon  and  pivot  bear- 
ings resting  on  it,  turns. 

Fig.  821  is  a  general  view  of  a  postmill.  AA  is  the  post  or 
centre,  BB  and^^^,  are  cross  bearers  or  sleepers,  framed  with 
struts  C  and  D,  to  support  the  post.  On  the  top  of  the  framing 
there  is  a  saddle  E.  The  mill  house  rests  on  two  cross  beams  jFj^ 
and  on  joists  69^69^,  as  also  on  the  cross  beam  J7on  the  head  of  the 
post,  which  is  fitted  with  a  pivot  to  facilitate  the  turning  of  the 
whole  fabric.  The  axis  turns  in  a  plumber  block  Ny  generally  of 
metal,  sometimes  of  stone  (basalt),  lying  on  the  beam  MM^  sup- 
ported on  the  framing  00.  KPj  KPy  &c.,  are  the  arms,  passing 
through  the  shaft  and  carrying  4  plane  sails  PP,  &c.  The  figure 
represents  a  grindingmill,  and,  hence,  the  wheel  transmitting  the 
power,  iZ,  works  into  a  pinion  Q,  driving  the  upper  millstone  aS'. 
In  order  to  turn  the  whole  house,  a  long  lever,  strongly  connected 
with  the  beams  EF^  projects  20  to  80  feet  from  the  back  of  it.  This 
lever  is  loaded,  to  counterbalance  the  weight  of  the  sail  wheel,  &c. 
When  the  mill  is  set  in  the  right  direction,  the  lever  FT  (cut  off  in 
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I  209,  SfmckmilU. — Smoekmilla  are  made  in  two  different  wajg. 
Either  the  movable  cap  encloses  the  windshaft  alone,  or  a  greater 
part  of  the  mill  house,  from  the  windahaft  downwards,  turns  on  a 
vertical  axis.  The  motion  of  the  sail  wheel  is  transmitted  by  a  paif  \ 
of  wheels  to  the  king jmnt,  that  is,  a  strong  vertical  axis  going 
through  the  whole  height  of  the  mill  house.  In  order  that^  the 
wheels  may  be  in  gear  in  every  position  of  the  windshaft,  it  ia 
necessary  that  the  axis  of  the  one  shaft  should  intersect  that  of  the 
other* 

Fig.  322  represents  the  latter  arrangement,  which  is,  in  fact,  inter- 
mediate between  the  postmiU  and  the  smockmill.    A  A  is  a  stationary 

Fig.  3S2. 


tower  or  pyramid,  raised  above  which  is  the  huilding  containing 
the  machinery,  in  driving  which  the  power  is  consumed,  DD  is  the 
movable  top  of  the  mill,  supported  by  the  wooden  ring  ^JF,  and  hy 
the  wooden  ring  (?(?,  by  means  of  the  uprights  EE  and  E^E^^  and 
which  only  admits  of  rotation  round  theee»  which  are,  in  fact,  the 
substitute  for  the  post  in  the  postmilL  The  mill  wheel  is  drawn 
round  by  a  capstan  R,  attached  to  the  lever  H^  framed  by  the  stairs 
to  the  movable  part  of  the  structure.     The  windshaft  is  of  caal, 
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iron,  and  rests  at  It  and  N  in  plumber  blocks,  lined  with  brasses. 
0  and  P  are  iron-toothed  wheels,  for  transmitting  the  motion  of  the 
wind  shaft  to  the  upright,  or  king  po9t  PP.  The  windsails  BS^ 
MS. . .  are  warped  sarftices:  the  arms  are  fastened  by  screws  into 
the  cast  iron  socket  piece  J2,  attached  by  wedges  to  the  head  of  the 
windshaft. 

The  upper  part  of  a  smockmill,  properly  so  called,  is  shown  in 
Fig.  328.    AA  is  the  upper  part  of  the  tower,  or  mill  house,  built 

Fig.  323. 


of  wood,  or  of  masonry.  JBB  is  ihe  movable  cap,  CBJS  is  the  wind 
shaft,  £JE  the  arms  of  the  sails,  strengthened  by  the  ties  GFj  GFy 
supported  by  a  king  post  EG*     K  und  L  are  bevelled  gear  for  trans- 
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I  210,  Megulation  of  the  Power, — As  the  wind  variea  in  intensity 
as  well  afi  in  direction,  when  the  work  to  bo  done  is  a  constant  resist- 
ance,  unless  some  means  of  regulating  the  power  be  applied,  the 
motion  of  the  machinery  would  not  be  uniform.  One  means  of  ab* 
sorbing  any  excess  of  power,  is  a  friction  strap,  applied  to  the  out- 
side of  the  wheel  on  the  windshaft.  Another  means  is,  to  vary  tha 
extent  of  satl^  or  the  quantity  of  clothing  exposed.  When  the  sails 
are  quite  spread  out,  the  maximum  power  depends  on  the  intensity 
of  the  wind,  and  if  this  intensity  be  constant,  the  power  may  be 
varied  by  taking  in  more  or  less  of  the  clothing  of  the  sail.  When 
the  clothing  is  canvas^  the  regulation  of  power  is  easily  maDaged  by 
reefing  more  or  less  of  it ;  and  when  the  clothing  consists  of  board- 
ings the  removal  of  one  or  more  boards  answers  the  same  end. 

Self-adjusting  windaails,  that  is,  sails  which  extend  their  surftice 
as  the  force  of  the  wind  decreases,  and  contract  it  as  this  force 
increases,  have  been  successfully  applied.  The  best  windsails  of 
this  kind  are  those  inirented  by  Mr,  Cubitt,  in  1817^  and  of  which 
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it  does  not  turn  with  it,  but  eerred  to  more  it  iu  the  direction  of 
the  axis. 

The  ratchet  works  into  a  toothed  wheel  JJ,  on  the  same  axis  agj 
pulley  F^  round  which  there  passes  a  string  with  a  weight  Cr~ 
sail  clothing  consists  of  a  series  of  boards,  or  sheet-iron  do 
i,<?j,  &Cm  movable  by  the  arms  ac,  a^c^^  &c-,  round  the  axis  tf,  ^^  ^^ 
These  arms  are  connected  by  the  rods  ae^  a^e^^  &c*,  and  by  the  leven 
or  cranks,  de,  d^e^^  with  toothed  wheels  d^  rf^,  so  that,  by  the  tumi 
of  the  latter,  the  opening  and  closing,  or,  in  general,  the  adjuMtmen 
of  the  flaps  or  doors  is  possible. 

There  are  besides,  levers  BL^  BL^^  Fig,  325,  revolving  on  centrei 

Fig,  325. 
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if  and  iT^,  and  attached  at  one  end  to  the  rod  BC^  and  at  the  other" 
to  the  ratchets  i  AT  and  L^M^^  workijig  into  the  small  wheels  d  and 
dy     The  drawing  explains  how  the  wind,  coming  in  the  direction  If, 
works  backwards  on  the  counter-balance  weight  C?,  which  is  adjusted^ 
so  that  the  surface  exposed  shall  be  that  required  to  do  the  work  ' 
regularly,  always  supposing  that^  for  the  maximum  surface  that  can 
be  exposed^  there  is  wind  sufficient, 

Rtmark  Mr.  Bywdter  indented  n  mode  of  furling  and  unfurling  the  f?Io*hjng  wli^n  it 
consists  of  ^Iclotli.    There  ure  two  rolJert  inoved  by  toothed  whcelftf  and  tlie  naium  ot 
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these  is  to  cover  more  or  less  of  the  sail  framef  accord  iiix  to  the  force  of  the  wind.    This 
plan  is  described  in  detail  in  Barlow*s  ''Treatise  on  the  Manufactures  and  Machinery, 

§  211.  Direction  of  the  Wind. — The  direction  of  the  wind  may  be 
any  of  the  82  points  of  the  compass,  but  the  indications  are  gen- 
erally noted  as  one  of  the  8  following:  N.,  N.E.,  E.,  S.E.,  S.,  S.W., 
W.,  it'.W.,  t.e.9  north,  north-east,  east,  south-east,  south,  south-west, 
west,  north-west;  or  naming  them  according  to  the  direction  from 
which  they  blow.  In  the  course  of  the  year,  the  direction  of  the 
wind  is  more  or  less  frequently  from  each  of  all  these  directions ; 
some  winds  blowing  more  frequently  than  others.  From  Kamtz's 
"  Meteorology/'  we  extract  the  following  table  of  the  winds  that 
blow  during  1000  days,  in  different  countries. 


Country. 

N. 

N.E. 

E. 

S£. 

S. 

S.W. 

W. 

N.W. 

Germany    . 
England      . 
Fiance 

84 

83 

126 

98 
111 
140 

119 
99 
84 

87 
81 
76 

97 
111 
117 

185 
225 
192 

198 
171 
155 

131 
120 
110 

We  see  from  this  that,  in  the  three  countries  named,  the  south-west 
wind  predominates ;  the  passage  of  the  wind  from  one  direction  to 
another  is  usually  in  the  course  from  S.,  S.W.,  W.,  &c.,  and  seldom 
in  the  opposite  course  of  S.,  S.E.,  E.,  &c.  That  is,  the  latter  course 
is  generally  only  taken  through  a  small  angle,  and  then  retraced. 

The  wind  vane^  or  fane  (Fr.  girouetUy  flouette ;  Ger.  Wind-  or 
Wetteffahne\  gives  the  direction  of  the  wind.  To  give  it  facility  of 
movement,  the  friction  on  its  pivot  or  collar  must  be  as  small  as  pos- 
sible, and  hence  the  blade  or  plane  of  the  vane  has  to  be  balanced 
by  a  counter- weight  to  bring  the  centre  of  gravity  line  to  pass  through 
the  axis  of  rotation.  (Whether  the  form  resulting  from  this  combi- 
nation gave  rise  to  the  term  iveathereock  (Fr.  eoq  d  vent;  Qer.  Wet- 
terhahn)^  or  whether  *^a  king-fisher  handng  by  the  bill,  converting 
the  breast  to  that  point  of  the  horizon  from  whence  the  wind  doth 
blow,  be  the  introducing  of  weathereocJcMj*  we  cannot  pretend  to  say.) 

§  212.  Intensity  of  the  Wind. — The  miller  is,  however,  depend- 
ent on  the  intensity  of  the  wind,  and  not  on  its  direction ;  for  on 
the  former  the  mechanical  effect  to  be  obtained  from  given  wind- 
sails  depends. 

Accordingly,  the  velocity  of  the  wind  is 


Scarcely  sensible  for 

IJ  feet 

per 

second 

Very  gentle  wind  for 

3 

(( 

Gentle  breeze  for 

6 

(( 

Brisk  breeze  for 

18 

n 

Good  breeze  for  windmills 

22 

ii 

Brisk  gale  for 

80 

C( 

High  wind  for 

45 
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Very  high  wind  for 

60 

<( 

Storm  for 

70  to  90 
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(» 

Hurricane 

100  or 

\L.  II.— 80 

850  AKBHOMBTERS. 

A  breeze  of  10  feet  per  second  is  not  in  general  sufficient  to  drire 
a  loaded  windsail,  and  if  the  velocity  rises  above  35  feet  per  second, 
the  intensity  becomes  too  much  for  the  strength  of  the  arms,  unless 
the  clothing  be  very  close  reefed,  and  stormy  weather  is  dangerous 
even  to  ^'bare  poles." 

Windgauges,  or  anemometerij  are  used  for  ascertaining  the  velo- 
city of  the  wind.  Many  anemometers  have  been  proposed  and 
adopted,  but  few  of  them  are  sufficiently  convenient  or  trustworthy 
in  tneir  indications.  The  anemometers  have  great  resemblance  to 
the  hydrometers  described  in  Vol.  I.  §  876.  The  velocity  of  a  cur- 
rent of  air  may  be  measured  by  noting  the  rate  of  progress  of  a 
body  floating  in  it,  as  a  feather,  smoke,  soap  babbles,  small  air 
balloons,  &c.  This  means  will  not  suffice  in  the  case  of  high  velo- 
cities, for  the  eddies,  that  invariably  accompany  wind,  disturb  the 
progress  of  such  bodies. 

^emometers  may  be  divided  into  three  classes.  Either  the  velo- 
city of  the  wind  is  deduced  from  that  of  a  wheel  moved  by  it,  or  it 
is  measured  by  the  height  of  a  column  of  fluid,  counterbalancing 
the  force  of  the  wind,  or  the  pressure  on  a  given  surface  is  deter- 
mined.   We  shall  give  a  succinct  account  of  each  of  these  methods. 

Rimark,  There  is  a  yery  complete  treatiae  oo  Anemometers,  in  the  *^  Allgemeioen 
MaschiaeneiiCTclop&die,  by  Hulsse."  In  the  transactions  of  the  British  Association  for 
1840,  there  is  a  report,  by  Mr.  J.  Phillips,  on  Anemometers,  in  which  the  essential  points 
to  be  aimed  at  in  these  instruments,  and  the  merits  of  those  of  Whewell,  Osier,  and 
Und,  respectively,  are  discussed.  The  chapters  on  Wind,  in  Kamtz*s  **  Meteorology,"  and 
io  Gehler's  ^  W&terbuch,"  are  standards  of  reference  on  this  subject 

§  213.  Anemometeri. — Woltmann's  wheel  may  be  used  for  ascer- 
twiing  the  velocity  of  the  wind  as  conveniently  as  it  is  for  ascer- 
taining the  velocity  of  currents  of  water.  When  its  asis  of  rotation 
is  set  in  the  direction  of  the  wind,  which  is  insured  by  means  of  a 
vane  set  on  the  same  vertical  axis  with  it,  the  number  of  revolutions 
made  in  a  given  time  may  be  observed,  and  from  this  the  veloeity  ] 
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m  Combe's  anemometer.  The  coDStants  t^^  atid  u  are  generallj 
determined  by  moving  the  instrument  through  air  at  rest;  but  this 
method  i§  objectionable,  because  the  impact  of  a  fluid  in  motion 
ta  not  the  same  as  the  resistance  of  a  fluid  at  rest  (VoL  I.  §  891)- 

It  16  better,  on  every  account,  to  deduce  the  constants  from  expe- 
riments on  currents  of  air,  deducing  the  low  velocities  by  direct 
observations  on  light,  floating  bodies.  By  placing  the  instrument  in 
the  main  pipe  of  a  blowing  engine,  the  observations  for  calculating 
the  constants  might  be  made.  The  calculation  of  constants  from 
a  series  of  experiments  for  which  v  and  u  are  known^  ahould  be  dono 
as  abown  in  VoL  I,  §  379. 

§  214,  Pitot's  tube  may  also  be  very  conveniently  applied  as  an 
anemometer.     This  is  Lmd's  anemometer,  and  its  arrangement  is 
shown  in  Fig,  326-     AB  and  B£  are  two  upright 
glass  tubes  j\  of  an  inch  in  diameter,  and  filled  Fig.  326. 

with  water,  and  BOB  is  a  narrow,  bent,  connect- 
ing piece  between  the  two,  of  only  ^'g  inch  diame- 
ter, FG  is  a  scale,  by  which  to  read  ofl"  the  height 
of  the  water*  When  the  mouth  A  is  turned  to 
the  wind,  its  force  presses  down  the^  column  in 
AB,  and  raises  that  in  i)£,  and  hence  the  dif- 
ference of  level  between  the  two  surfaces  may  be 
read  on  the  scale  A*  From  this,  the  velocity  of 
the  wind  may  he  calculated  by  the  formula 
v^  r^j  +  &  ^h;  t'o  and  n  being  co>efficients  de- 
duced from  experiments  for  each  instrument 

The  use  of  this  instrument  is  very  limited,  as 
presi^ures  which  move  the  water  to  a  difference  of 
level  of  ji'jj  of  an  inch  can  scarcely  be  noted  ac- 
curately, but  may  be  estimated  to  ^"^  or  j\.  This  givea  5  to  7  miles 
per  hour  as  the  limit  of  wind  velocity  really  measurable*  To  obviate 
these  disadvantages^  and  render 

the  instrument  useful  for  mo-  Fig.  327. 

derate  velocities,  Robison  and 
Wollastou  introduced  the  fol- 
lowing improvements. 

In  Eobison's  anemometer 
there  is  a  narrow^  horizontal 
pipe  ffR,  Fig.  327,  between 
the  mouthpiece  A^  and  the  up- 
right pipe  BO;  and  there  is 
poured  as  much  water  into  the 
instrument,  before  using  it,  as 
brings  the  surface  F  to  the 
level  of  MB^  and  filling  the 
small  tube  to  ff.  When  the 
mouth  A  18  turned  to  the  wind, 
the  water  is  driven  back  in  the  narrow  tube,  and  a  column  FF^^ 


r^ 
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counterbalancing  the  force  of  the  wind,  rises  in  the  tube  DE^  but 
irhich  is  measurable  by  the  length  of  tube  HH^^  in  which  the  water 
has  been  driven  back.  If  d  and  d^  be  the  diameters,  and  A  and  h^ 
the  height  of  the  columns  FF^  and  HH^^  then 


dP 


— -A. 


-_  Ap  and  .*.  A  «  l--\  Aj,  or  \  «  I --A  h  or  Aj  is  always 

^  j  than  A,  and  can,  therefore,  be  read  with 
much  greater  accuracyHhan  A.     If  3- »  ^9  then  the  indications  in 


Fig.  328, 


d, 
HH^  are  25  times  greater  than  in  FF^ 

Again,  the  differential  anemometer  of  Wollaston,  shown  in  Fig. 
328,  may  be  used  for  ascertaining  the  velocity  of  the  wind.  This 
instrument  consists  of  two  vessels  B  and  C, 
and  of  a  bent  pipe  DEF^  which  unites  the 
two  vessels  by  their  bottoms.  The  one  ves- 
sel is  shut  at  top,  and  has  a  side  orifice  A^ 
which  is  turned  to  the  wind.  The  instru- 
ment is  filled  with  water  and  oil.  The  former 
fills  the  two  legs  to  about  |,  and  the  oil  fills 
them  up,  and  occupies  part  of  each  of  the 
vessels.  The  force  of  the  wind  raises  the 
water  in  one  leg  higher  than  it  stands  in  the 
other,  and  the  amount  of  this  force  is  mea- 
sured by  the  difference  of  pressure  between 
the  water  colmnn  FF^y  and  the  oil  column  DD^.  If  A  »  the  height 
of  each  of  these  columns,  and  t  »  the  specific  gravity  of  the  oil,  we 
then  have  in  the  last  formula  A  (1  —  #),  instead  of  A,  and,  therefore, 
r  «■  r^  +  *  %/(!  — «)  A.  If,  for  example,  the  oil  be  linseed,  t «  0,94> 
v^  +  o  v'{l  — 0,94)  A  =.  r,  +  <^  s/%m  ,  h  =  r,  +  0,245  »  ^I, 
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Lastly,  the  velocity  of  the  wind  may  be  ascertained  by  the  force 
with  which  it  acte  directlT  on  a  plane  surface  opposed  to  it  at  right 
angles^  and  for  this  the  instruments  used  are  more  or  less  similar 
to  the  hydrometer,  described  in  Vol.  1,  §  382*  If  the  law  of  the 
impact  of  wind  were  accurately  known,  the  velocity  of  the  wind 
might  be  determined  without  further  research  by  these  means.  But 
this  is  not  the  ease,  and  the  formulas  given  in  VoL  I.  §  390,  and 
the  co-efficietit  given  in  §  392,  lead  to  only  approximate  results. 
Retaining  these,  however,  for  the  present,  or  putting  the  impulse  of 
the  wind 

or,  rendered  in  English  measures,  ss 

i  »  0,0155,  P  -  0,02883  »*  J'y, 

and  if  the  density  of  the  air  y  «  0,07974  lb.  per  cubic  foot,  then 
P  »  0,002299  or  0,0023  v»  F,  and  •.•  for  two  square  feet  of  sur- 
face; 


P  »  0,0023  V*,  .'.  V  ■■ 


V  0,0023 


20,86  v'P  feet. 


For  v«kidli«t 
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ao 
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The     impuJeive 
force  of  the  wind 

0,2455 

0,5524 
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1,534 

naoB 

3,007 

3,928 

4,971 

6,1375 
lb. 

Admitting  the  above  premises,  the  force  of  the  wind  on  any  sur- 
face at  right  angles  to  its  direction  may  be  easily  calculated* 

I  216.  Force  of  Wind. — We  ahall  now  study  more  closely  the 
effect  of  the  impulse  of  wind  on  the  sails  of  windmillB,     Let  nsj  for 
this  purpose,  conceive  the  whole  sail  surface  divided  into  an  infinite 
number  of  normal  planes  on  the  a^is 
of  the  sail  or  arm,  and  suppose  OD^  ^^e  ^^* 

Fig.  329,  to  be  such  an  elementary 
plane.  Owing  to  the  considerable  ex- 
tent^  and  particularly  owing  to  the 
great  length  of  a  sail,  we  may  assume 
that  all  the  wind  of  the  column  press- 
ing on  the  surface  <7i>,  coming  in  the 
direction  All,  will  be  turned  off  by 
the  impact  in  directions  parallel  to  CD^ 
and,  therefore,  we  may  make  use  of  the 
formulas  in  VoL  L  §  388.     If  c  -  the 

velocity  of  the  sail,  Q  the  quantity  of  wind  striking  on  CD  per 
Beccnd^  y  =  the  density  of  the  wind,  and  a  «  the  angle  CAM^  which 
the  direction  of  the  wind  makes  with  CI>^  then,  on  the  assumption 

»0*  ^^^^ 
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that  the  plane  CD  tnoTes  away  in  the  direction  of  the  wind,  the 
normal  impulse  of  the  wind  on  OD^  ia  N  ^  tm.  a  .  Q  7, 


3 
Putting  the  section  CN^^  ff,  then  the  quantity  of  wind  Q  ooin«| 

ing  into  action,  is  not  ff  c^  but  G-  [e  —  r),  as  the  sail,  moving  witW 

the  velocity  r,  leaves  a  space  ff  v  behind  it,  which  takes  op  a  propop 

tion  of  the  quantity  of  wind  Q  c  following  it,  equal  to  (?  %\  witho 

undergoing  any  change  of  direction.     Hence^  the  normal  impu' 

may  be  put 

iV  =  ^^ —  »m.  ^  *{c  —  v)  Ghy  ^  L L  mn.  a  ff  y, 

9  ff  ^ 

or,  t{  F=  the  area  of  the  element  CZ),  and  we  substitute  F  mn,  a  for 

a,  then  JV»  ^^~''^'m,  a^  #, 


i? 


Be&ides  this  impulse  on  the  face  of  CD,  there  is  a  counter  action 
on  the  back;  inasmuch  as  one  part  of  wind,  passing  in  the  direciiona 
CE  and  BF^  at  the  outside  of  the  plane,  takes  an  eddying  motion  ti3 
fill  up  the  space  behind,  and  consequently  loses  pressure  corresponds, 
ing  to  the  relative  velocity  (c —  v)  nn.  a,  and  represented  by 


mn.  o*  •  -Py.     If  we  combine  the  two  effects,  we  get  the] 


normal  impulse  of  the  wind  on  the  element  F  of  the  sail : 

g  %  2^ 

§  217.  Beit  Angle  of  ImpulBe, — In  the  application  of  this  formula  i 
to  windmills,  we  have  to  bear  in  mind  that 
the  windsail  £(7,  Fig,  380,  does  not  move 
away  in  the  direction  AR  of  the  wind,  but 
in  a  direction  AP  at  right  angles  to  it, 
and  hence,  in  the  formula 

N—S.  ^        ^  »m.  a*  •  J'yf  we  have  toaub-  i 


Fig.  330. 


i\,  with^ 


stitute,  for  v,  the  velocity  At\ 
which  the  windsail  moves  in  reference  to  the 
direction  of  the  wind.  If  v  =  the  actual 
velocity  of  rotation  A  v  (Fig*  S30),  then 
Av^  =  Vj  =  V  catg,  Av^v  =  v  cotg.  a ;  and, 
therefore^  for  the  case  in  question ; 

J\r=  3  .  ^IS^^t^  ,  ,in.  .^  Fy,  or=  3  iP^^--^^^^^  Pj. 
2<?  % 

This  normal  impulse  is  to  be  decomposed  into  two  others,  P  and 
R,  one  acting  in  the  direction  of  rotation,  the  other  in  the  direction 
of  the  axis  of  the  element  of  the  sail ;  then 


P  =  N  COS.  a  =  3  ^- ^r— COS*  tt  <  F 


yj 


and 


E^N8in.<^^& 


{€  §lfJ,  a  —  V  COB,  of 


am.  a  .  -Fy. 
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By  multiplying  by  the  velocity  of  rotation  v,  we  get,  from  tlie 
formula  for  Jr,  the  mechanical  effect  of  the  windsail. 

X7>           n(c  sin,  a  —  V  COS,  a)F  Tj 

■«  Pv  =i  3  i L  V  COS.  a  .  Fy. 

2g 

The  parallel  or  axial  force  i2,  gives  no  mechanical  effect,  but  on 
the  contrary  increases  the  pressure  on  the  pivot  or  footstep  at  the 
lower  end  of  the  windshaft,  and  so  gives  rise  to  a  loss  of  effect. 

Xhe  last  formula  indicates,  and  it  is  self-evident,  that  the  effect 
increases  with  the  velocity  c,  and  with  the  area  F;  but  it  is  not  so 
evident  from  it,  how  the  angle  of  impulse  a,  affects  the  mecha- 
nical effect  produced.     That  L  may  not  be  b  0,  c  sin.  a  must  be 

>  V  COS.  a;  that  is,  tang,  a  >  -,  and  cos.  o  >  0,   and,  therefore, 

c 

a  <  90^.     There  must,  therefore,  be  a  value  of  »  between  the  limits 

tang,  o  >  -,  and  o  <  90^,  corresponding  to  a  maximum  value  of  L. 
c 

To  find  this  value,  let  us  instead  of  a  put  a  +  XyX  being  a  very  small 

angle.    Then  we  have  sin.  (a  +  ^)  «  sin.  a  cos.  x+^  cos.  »  sin.  x,  or 

putting  COS.  a:  K  1,  and  sin.  x  being  put  «■  Xy 

sin.  (o 4-  x) n  sin.  a+  x  cos.  a,  further : 

COS.  {a  +  x)  ^  COS.  a  COS.  X  +  sin.  a  sin.  X  B  COS.  a  +  X  sin.  a,  and 
these  values  give  us  as  the  effect : 

L  a  FyI  Stn.  a COS.  a  I' COS.  a, 

2^       ^\  c  /  . 

Xj  =  -ir — Fy{[sin.a+  xcos.a {cos.n+xiin.a)y{ca9.a+X8in.a)) 

2g  —  c 

^  2.^Fy[sin.a — ^cos.a  +  {cos.a  +  ^$in.a)x'y{eo8.a  +  X  sin.  o) 
2g  c         —  c 

'  Fy  [sin.  a  —  -  COS.  a)*  COS.  a 


2g 


+  [2  (sin.a COS.  o)  (cos.  a  +-  sin. a) eos.a  —  {sin. « eas.  of 

c  c  c 

sin.  a]x+)y  &c.,  &c. 

Q     >,2  mm  1 1  tJ 

=  X  -{ — —  Fy  ([2  {sin.  a COS.  a)  {cos.  a  4-  -  sin.  a)  cos.  a 

—   2g  c  c 

—  (sin.  a COS.  ay  Sin.  ajx  +  &C.)  * 

c 

In  order  that  a  may  give  the  maximum  value,  L^  must  be  less 

than   X,  a  being  increased  or  diminished  by  z,  that  is,  x  being 

positive  or  negative.     But  the  last  formula  gives  in  the  one  case 

Z,  ^  Z,  and   in  the  other  <-  X,  so  long  as  the  second  member 

+  LSS  Fy  [....]  x  is  a  real  quantity.     Therefore,  for  obtaining 

—  2^ 

the  maximum  value,  it  is  neeesury  that  this  second  member  should 
be  0,  or,  that 
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c                         c  ^  1 

or  2  (aot.  a  +  ^  fin.  o)  eot.  o  i-  («m. « c^#.  a)  tin*  *, 


or  »tn.  or 


Sv 


HH,  a  COi*  a 


2  em. 


Dividing  by  co9. «',  and  putting 


tin.  (& 


cot,  » 


tang. 


Si 


fan^- 


fan|jr,  ft,  we  h&Te 


2, 


frf>in  wbicli  we  deduce  as  tha  angle  for  the  maxiiiiuni  effect: 


tang. 


m 


+  2. 


Ab,  in  the  windsailsj  the  outer  elements  of  the  sail  have  a  greater^ 
velocity  than  those  nearer  the  axis  of  rotation,  it  foUowg  that  the 
outer  part  of  the  sail  should  be  Bet  at  a  greater  angle  of  itupulae  than 
the  inner,  in  order  to  inanre  a  maximum  effect.  Hence  the  aails 
must  not  he  plane  surfaces,  hut  "#t*r/aeet  gmu^hes^'^  or  surfaces  of 
double  curvature^  warped  so  that  the  outer  part  deviates  less  from 
the  plane  of  the  axis  of  rotation,  than  the  inner  part. 

Btmark.  T)ie  mosT  ndvtintigeouv  anglai  of  jmf>ii1ae  fif  ft  mi\^  majr  also  be  ascertained  , 

by  the  foi lowing  cori«( ruction.     Fig.  331, 


Fig.  331 


mk©  CB^l,  set  off  CJ  3s  v^2  &t  riglit 
angles  to  li,  i  f,t  the  dkgDna!  of  «  8<|i»re 
on   CB,  BDcJ  dmw  J^B.     The  tmkg.  ABC 

=s  y/'i,  anil  J  there  rofe,  • 

/  ABC  ^  54"=".  44'.  h",  which  ii  tbe  ftngle 

of  impulso  clcae  up  lo  ihe  axis  of  rofstioii. 

If  in  J  ^  '_^_,  we  make  f  the  Telocity 

of  rhe  wind,  Rnd  ■  Th^  angular  Yelocjiy, 
and  for  x  iooceisively^T  the  dieimnce  of  The 
gail  bnri  frorn  the  wjnd«lmA  a^ii,  nnd  mt 
off  ibese  value?  of  y  fmm  C  cm  CM  a» 
CD,,  CDs,  VD^,  SfC.  Funber  draw  (he 
hypolhenusef  JDu  JD^  jSD^  Iec^  »nd 
prolong  ibem^  »o  ihat  i),^^  ^  CDj.  !?»£* 
=  Ci?^  jDjEj  =  CD^.  &C-  Lasil^  lit/ 
rvtr  .^i;,,  ^fV  -^-Sj-  m  the  direct  Son  J€ 
IS  .^C,,  JC^  JCy,  kc.,  raiie  at  C\,  C^  €, 
ki.'..,  tlje  |jerj>er>dkulaTH  t\B,,  CgB^  f  ,8,, 
£(c.,  =  CJ9  =  h  and  dmw  Jfl,.  jfu^  ,£t^ 
&c.,  then  ^jy,C..  jtfBjC^  ^B^C,.  &L,  we 
ihe  atiglet  required^  tor  ^" 


J!?£, 


./},£,  + ^A  =  y.+  %/y.'+ 2, 


1 


1  =  A^+  •!£?,  =  ir,  +  ^j?.'+  a,  &C. 


§218,  The  Mechanical  Effect— Th^  formula  for  the  beat  aogle 
of  the  sails  may  be  used  conversely  to  determine  the  best  velocity  of 
rotation  for  a  given  angle  a<     For  this 
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tang,  a* tang,  o  —  2, 

c 

and,  therefore,  very  simply. 

If  we  put  this  value  in  the  formula  for  the  mechanical  effect,  we 
have 

r       8  c*  I,     tang,  a*  —  2     c    '/.  tang,  a^  —  2         \* 

2g  tang,  a        3     \  3  tang,  o  / 

4     ^  TT      {tang,  a^  —  2)cos.a,*      a    ^  v      (S  sin.  a*  —  2) 

"*-^^'' iSTv '*2^^''- — 5»:^? — 

The  theoretical  effect  of  a  windsail,  may  hence  be  calculated  for 
any  given  velocity  of  wind,  and  of  rotation.  From  a  given  number 
of  revolutions  per  minute,  we  have  the  angular  velocity 

u  a  -—-  M  0,1047  .  u.    If  the  whole  length  of  whip  be  divided  into 

7  equal  parts,  and  if,  as  usual,  the  sail  begins  at  the  lowest  point  of 
division,  so  that  its  total  length  »  f  7,  we  can  very  easily,  by  means 
of  the  formula 


'^•-i^+j(i^)'+^ 


calculate  the  best  an^le  of  sail  a^  a^  a^  &c.,  or  for  each  of  the  points 
of  division  of  the  whip,  by  substituting  successively 

I  21  81         ^  11         1 

7  7  7  7 

If,  further,  l^  i^,  (, .  • .  5^  be  the  width  of  sail  to  be  put  on  each 
of  these  points,  we  can  calculate,  by  aid  of  Simpson's  nue,  from 

\      nn.  a^      /        \      9tn.  Oj*      /        \      Bin.  ^^      / 

mean  value  ib,  and,  hence,  we  arrive  at  the  whole  effect  of  the  sail 

X  a  I  A;  r  .  f  {  .  — ,  or,  more  generally,  l^  being  the  length  of  «ai7, 
2g 

Ji 

properly  so  caUed,  X  «  |  y  ib  I^  — . 

2g 

If  the  sail  were  a  plane  surface,  that  is,  if  o  were  constant  through- 
out its  whole  extent,  then,  by  means  of 
«i  21  - 

we  should  first  calculate  the  corresponding  values : 

(sin.  a 5  C08.  a\  -fi  C08.  a  .  6^,  fnn.  a  —  ^  COS.  a  J  -1  €08.  a  .  Jj,  &C., 

and  then  from  these,  by  Simpson's  rule,  deduce  the  mean  value  Ar^, 
and  introduce  this  into  the  formula  for  the  mechanical  effect  deve- 

loped,  X  «  8  y  Aj .  ij .  _. 
If  n  be  the  number  of  saili,  m  hm%  4C  •oone  to  multiply  the 
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last  found  value  by  this  number,  to  get  the  irhole  mechanical  effect 
developed  by  the  windsail  wheel,  or  L  'm  Suyk^l^ --. 

Exampk  1.  What  angle  of  impnise  it  reqairod  for  •  windnil  wheel,  the  relodtj  of 
the  wind  being  20  feet,  the  number  of  nilt  4,  each  being  24  feet  in  length,  mnd  6  to  9 
feet  in  width?  Number  of  revolutioot  16  per  minute.  What  will  be  the  theoretical 
effect  of  this  windmill  1 

In  the  firft  place,  the  angular  velocity  «  im  0,1047  .  16  ■■  1,6755  feet,  and  if  the  dis- 
tance of  the  first  sail  bar  be  4  feet  from  tli»  axis  of  t^  shaft,  or  the  total  length  of 
whip  H  24  4- 4  a  28  feet,  then  for  the        * 


Distances : 


8 


12 


16 


20 


24 


28  Feet. 


The  velocities : 

The  tangents  of  the  angles  of 

impulse : 

The  angles : 

The  values  of  ^'^••*  — ^  : 

The  width  of  sails : 
The  product  of  the  two  last : 


6,702 

2,004 
63«,29' 

0^5612 

6,0 
3,367 


13,404 

2,740 
'69<»,5r 

0,7810 

6.5 
5,076 


20,106 

3,575 
74«,22' 

0,8759 

7,0 
6,131 


26,808 

4,469 
77»,23' 

0,9220 

7,5 
6,915 


33,510 

5,397 
79<>,30' 

0,9472 

8,0 
7,578 


40,212 

6,347 
Sl^S' 

0,9622 

8,5 
8,179 


46,914  ft. 

7,311 
82*13' 

0,9716 

94)  feet 
8,744 


And  from  the  last  product  the  mean  value : 

^^3,367-t-P,744  +  4  .  (5,076+ 6,915  + 8,179)  + 2  .  (6,131+7,578) 

12JJll  +  8a68^^ 

18  18 

y  BE  0,07974  lbs.  f  /  «  24,  and  i!  »  0,01 55  X  20s  «  124, 

then  the  effect  of  this  wheel : 

X»4  .  t .  6,679  .  0,07974  .  24,124  »  11,874  .  1,91  .  124  a  2798  feet  lbs.  a  5  hone 

power. 

Exampfe  2.  What  effect  may  be  expected  firom  a  windmill  wheel,  having  foar  plane 
sails,  and  the  angle  of  impulse  75*,  the  other  dimensions  and  proportions  being  the  same 
as  those  of  the  wheel  in  the  last  example?    In  this  case 
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be  great,  as  is  not  unfrequently  the  case.  We  may  assume  that 
the  whole  weight  of  the  sail  wheel  bears  on  the  neck,  and  thus  leave 
out  of  consideration  the  pressure  on  the  lower  or  back  bearing. 
Although  we  shall  thus  find  an  excess  of  friction,  yet  this  is  com- 
pensated by  learing  out  of  consideration  the  friction  arising  on  the 
back  piyot  from  the  force  of  the  wind  in  the  axial  direction.  As 
the  back  piyot  is  much  less  in  diameter  than  the  neck  or  front  gud- 
geon, this  simplification  of  the  problem  may  be  the  more  readily 
admitted.  This  being  assumed,  we  have  from  the  weight  O-  of  the 
whole  wheel,  F^fU-^  the  friction,  and  if  r  «  the  radius  of  the 
neck,  and  ««  r  the  angular  velocity,  the  mechanical  effect  consumed: 

J't -/a«r- 0,1047.  u/ar-/a^t;, 

if  0  be  the  velocity  at  the  periphery  of  the  sail  wheel. 

This  being  allowed,  the  useful  effect  of  a  windmill  with  plane  saib : 

and  that  of  one  with  warped  sails: 

From  the  formula: 

is  (e  sin.  a  —  v  cos.  o)*  ^ 

n  — i L  V  COS.  a  .  Fy. 

for  the  theoretical  effect  of  an  element  of  a  sail,  we  may  deduce  the 
influence  of  the  velocity  of  the  sail  on  the  mechanical  effect,  and  we 

find  that  for  »  <?m.  a  =  ?J^»  (compare  Vol.  II.  §  118),  that  is, 

o 

for  V  n ^~ »  ^^  effect  is  a  maximum.     If  we  introduce  this 

▼alue  into  the  above  formula,  we  get 

and  from  this  we  deduce  that  the  effect  will  be  greatest  when  the 
angle  a  «■  90^,  or  v  «  oo .  These  conditions  cannot  be  fulfilled; 
because,  even  for  moderately  great  velocities,  the  prejudicial  resist- 
ances, and  more  particularly  the  friction  at  the  neck,  consume  so 
much  mechanical  effect,  that  the  useful  effect  remaining  is  very 
small.  The  velocity  of  rotation  should  be  great  to  insure  a  good 
efficiency,  but  it  must  in  each  case  be  made  a  special  subject  of 
calculation,  as  to  what  number  of  revolutions  will  give  the  maxi- 
mum effect.  This  can  only  be  done  by  calculating  the  effect  for  a 
series  of  velocities  of  rotation,  and  from  these  choosing  the  greatest, 
or  deducing  it  by  interpolation. 

ExmmpU,  Supposing  the  windshaft,  nils,  &Cn  of  the  mill  in  the  last  example  weighs 
7500  XhLf  that  the  radius  of  the  neck  or  gudgeon  r  ■■!  Iboi,  that  the  co  efficient  of  friction 
/■■  0,1,  then  the  roechanioal  effect  loet  bj  6rictioiitttb»iiMkaBO,l  .  7.^)0  .  «ra4l9 
laet  Um.    There  remains,  therefore,  in  the  wheal  villi  nilt  879S  —  419  bb  259<) 

tec  VbLfOt  wbfmt  86  per  cent  of  the  theoraikia  «•  '^  «haft  is  of  wood,  the 
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neck  is  doable  the  above  diameter,  and,  henoe,  the  Iom  of  effect  hy  friction  is  doable,  or 
the  eflSciency  is  only  0,70. 

§  220.  Uzperiments.^ — Experiments  or  obseryations  on  windmills, 
of  accuracy  sufficient  to  test  our  theory,  are  not  extant.  There  is 
no  lack  of  general  statements  of  the  results  of  the  effects  of  different 
windmills,  but  these  are  not  of  a  nature  to  serve  for  judging  of  the 
efficiency  of  the  machines  referred  to,  inasmuch  as  the  velocity  of 
the  wind  has  been  either  altogether  undetermined,  or  ascertained  bj 
instruments  not  sufficientlv  trustworthy.  The  experiments  of  Cou- 
lomb and  Smeaton  are  still  the  most  complete,  there  being,  in  fact, 
none  of  recent  date.  Coulomb  made  his  experiments  on  one  of  the 
many  windmills  in  the  neighborhood  of  Lille;  and  from  the  circam- 
stance  of  the  work  done,  being  the  pressing  of  oil  by  means  of 
stampers,  a  kind  of  work,  the  mechanical  effect  consumed  in  which 
is  easily  calculated,  deductions  from  these  experiments  may  be  very 
safely  made.  The  four  sails  of  this  mill  were  warped  in  the  Dutch 
style,  with  the  angle  of  impulse  from  63f  ^  to  81^^,  and  each  of 
them  contained  about  20  square  metres,  or  215  square  feet.  The 
experiments  were  made  when  the  velocity  of  the  wind  was  from  7  to 
80  feet  per  second,  the  velocity  at  the  periphery  being  from  23  to  70 
feet,  and  the  results  correspond,  according  to  Coriolis  {see  ^^  Calcul 
de  I'effet  des  Machines),  with  those  of  the  theory  above  given.  It 
is,  besides,  easy  to  perceive  that,  for  the  better  construction,  when 

warped  sails  are  used,  the  mean  value  of     ^^'  *       — ,  cannot  vary 

sm.  a* 

very  much  from  that  which  is  deduced  by  calculation  in  the  first 

example  §  218,  viz.  =s  0,880.     If,  now,  we  introduce  this  into  the 

general  formula,  we  obtain  the  following  very  simple  expression  for 

the  effect  of  a  windmill : 


0,000478n  J^c^ft.  lbs* 


EZPS&miHTS  OV  WniDMILL  SAILS. 
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The  experimental  wheel  h&d  whips  21  inches  long,  the  sails  bein^ 
18  inches  long,  and  5,6  inches  broad.  This  wheel  was  not  moTed 
by  the  impulse  of  wind,  but  was  moved  round  in  air  at  rest,  whence 
it  was  the  resistance  of  the  air,  and  not  its  impulse,  which  was  ob- 
served— a  circumstance  taking  considerably  from  the  value  of  the 
experiments.  The  motion  of  the  sails  against  the  wind,  was  given 
by  means  of  an  upright  shaft,  from  which  projected  an  arm  5^  feet 
lon^,  at  the  end  of  which  was  a  seat  for  the  model  mill  wheel.  This 
upnght  shaft  was  set  in  motion  by  the  observer  having  a  cord  wound 
round  it  like  the  peg  of  a  top.  To  measure  the  resittances  of  the 
air  J  supposed  here  to  be  identical  with  the  impulse  of  wind  of  the 
same  velocitv,  there  was  a  scale  with  weights,  attached  by  a  fine 
cord  to  the  shaft  of  the  wind  wheel,  and  this  was  wound  up  by  the 
power  communicated  to  the  sails.  The  results  of  these  experiments 
correspond  well  qualitatively  with  our  theorr.  They  show  to  demon- 
stration that  the  warped  sail  gives  the  best  effect,  and  that  the 
angles  of  impulse  deduced  by  theory  are  actually  the  best.  In  the 
example  to  §  218,  we  found  the  angles  for  7  bars,  starting  from  next 
the  axle,  to  be:  63^  29';  69^  57';  74^  22';  77^  23';  79^  80';  81^ 
8',  and  82^  18',  and  Smeaton  found  the  following  6  angles  to  be  the 
best,  or  at  least  very  good,  72°;  7P;  72°;  74°;  77J°;  83°;  or 
very  little  different  from  the  theory. 

Smeaton  remarks,  too,  that  a  deviation  of  2  de^ees  in  the  angle  of 
impulse,  has  no  sensible  influence  on  the  mechanical  effect  produced 
by  the  wheel.  • 

Smeaton  draws  the  following  m^ixims  from  his  experiments,  made 
at  velocities  varying  from  4|  to  8f  feet  per  second. 

1.  The  velocity  of  the  windmill  sails,  whether  unloaded  or  loaded, 
so  as  to  produce  a  maximum,  is  nearly  as  the  velocity  of  the  wind, 
their  shape  and  motion  being  the  same. 

2.  The  load  at  the  maximum  is  nearly,  but  somewhat  less  than, 
as  the  square  of  the  velocity  of  the  wind,  the  shape  and  position  of 
the  sails  being  the  same. 

8.  The  effects  of  the  same  sails  at  a  maximum  are  nearly,  but 
somewhat  less  than,  as  the  cubes  of  the  velocity  of  the  wind. 

4.  The  load  of  the  same  sails  at  the  maximum  is  nearly  as  the 
squares,  and  their  effects  as  the  cubes  of  their  number  of  turns  in  a 
given  time. 

5.  When  the  sails  are  loaded  so  as  to  produce  a  maximum  at  a 
given  velocity,  and  the  velocity  of  the  wind  increases  the  load  ^eoii- 
taining  the  same:  first,  the  increase  of  effect,  when  the  increase  of 
the  velocity  of  the  wind  is  smaller,  will  be  nearly  as  the  squares  of 
those  velocities;  secondly,  when  the  velocity  of  the  wind  is  double, 
the  effects  will  be  nearly  as  10  to  27|;  but,  thirdly,  when  the  velo- 
cities compared  are  more  than  double  of  that  where  the  given  load 
produces  a  maximum,  the  effects  increase  nearly  in  a  simple  ratio 
of  the  velocity  of  the  wind. 

6.  If  sails  are  of  a  similar  figure  and  position,  the  number  of 


m 


tarns  in  a  given  time  will  be  re<dpix>canT  m  ihe  ni<Jin»  or  lenjrth  of 
the  sail. 

7.  The  load  at  a  maximnm  that  sails  of  a  Mmilar  figure  and  p^v^i*'  * 
tion  will  oTercome,  at  a  giren  distance  fr»m  the  cenin^  of  motion^ 
will  be  as  the  cube  of  the  radins. 

8.  The  effect  of  suls  of  similar  figure  and  portion  are  as  the 
square  of  the  radius. 

9.  The  velocity  of  the  extremity  of  Dutch  sails,  as  well  as  of  the 
enlarged  sails,  in  all  their  usual  portions  when  unloaddl,  or  even 
loaded  to  a  maximum,  is  considerably  quicker  than  the  velocity  of 
the  wind. 

According  to  these  experiments,  the  effect  of  the  wind  on  wind- 
mill sails  is  greater  than  theory  indicates,  or  than  Coulomb's  experi- 
ments gave. 

LUtratun.  The  most  complete  exposition  of  the  theory  of  windmills  is  given  in  Weis- 
bach's  **  Bergmaschinen  Mechanik/'  vol  ii.,  anil  in  Coriolis^s  *'  Trait^  du  Calcul  ft  Teflet 
des  Machines."  Smeaton's  experiments  are  recorded  in  the  ^  Philosophical  Transnctions," 
1759  to  1776.  They  were  collected  into  a  separate  volume,  and  published  under  the 
title  **  An  experimental  Enquiry  concerning  the  natural  powers  of  Water  and  Wind  to 
turn  Mills  and  other  Machines  depending  on  a  circular  motion.**  These  papers  wftre 
translated  into  French  by  Girard,  in  1827.  There  are  extracts  from  them  in  Barkiw's 
"Treatise  on  the  Manufactures,"  &c  In  Nicholson's  **  Operative  Mechanic,"  Brnw»t«r's, 
Ferguson's,  &C.,  &c.  Coulomb's  experimenu  are  given  in  bis  oft-quoted  work  **T)kk/rie 
des  Machines  simples." 

Mariotte  wrote  upon  the  impulse  of  wind,  in  his  "  Hydrostatics."  He  makes  the  impulse 

2g 
Borda,  in  the  '^M^moires  de  l' Academic  de  Pftris,"  1763,  has  a  paf^er;  B/iaw,  Hutt/m, 
Woltmann,  have  all  handled  this  subjecL    The  two  latt«r  author*  find  F  rnty-.h  «m«(l#rr 
than  Mariotte  did,  because  they  measured  the  rttulatta,  wA  tbe  wtffiaim  '4  tti«  win/J. 

The  oo-eflkieDt  f  =s  },  as  /bond  by  Woltmann,  is  too  small,  ox  F^i  —  F  y  in  t-^tVufAy 

too  little,  for  he  did  not  obtain  the  mtutmmis  for  his  windMil  w\»^/.  >//  'Uiif^  *:ti^»ft^»l 
(me  "Theorie  und  Gebraocfa  des  Hydponietnscfa«a  FiujBftSt.  tUrr^^sfTf.  1'"//^.  Hw>r^ 
deduces  from  his  experiments,  that  it  i»  mrjn  sororuik  y»  rxA^m'.^  v^  .tr.yt'm  ♦vf  /•-•.<*' 
anoe  of  the  air  as  iocreajing  as  F^  {m  '  Vz^r/ifj^^^akii  v^  Mr'.'-utnuk^Mi  T/rArr^  v  ' 
▼oL  iL).  If  we  assume  (^  1-fco  fcc  a  matt  J  k.t5sr«  "jC  I  ^xjuri  '#*/■/.  t^,  ^r  %  */ 
of  200  square  feet  sor^Ke,  we  ibew^  iatT*  r  s  ?'-«>- . :  ,V.  -»:.':  .V.  •■  ;  :*/<  » -.  r>. 
agrees  well  with  the  theotcoa^  i*m"  -ngrjrx.,  \za  vn  ^^^ae.  ir%  a«*4  m^,  */-//i4 

where  {^3  and  P^3.  ^  Fy.    Li  P^eotJK  t  *  Iirjr/ctuv--rjr.  t  a  }OrxAv'.)\^,  ..-./:.>«- 

trielle,"  there  is  an  m^BiJa&at  xuserxc  ihi£  :iwju«iuu-.  -.f  ■'.ut  •■-V'T' iv*w.m  -r.  ^v.y.iA 
and  resistanee  of  wiacL 
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Abutting,  resistance  of  earth,  20 
Abutments,  stability  o(^  31 

piers,  &c^  66 

Animals,  power  of,  121 

,  formulas  for,  123 

Arches,  27 

,  line  of  pressure  and  resistance  of, 
28 

,  loaded,  33 
— — ,  stability  of  abutments  of,  31 

i  semi-circular   arch,  with   parallel 
vaulted  surftces,  table  of,  37 

,  arches,  masonry  at  the 
back,  of  45^  inclination,  table,  37 

,  arches,  with  horizontal 
masonry  above,  table  of)  38 
— — ,  tables  of,  36 

,  table  of  the  relative  dimensions  of 
segmental,  39 

,  test  of  equilibration  of,  34 
,  vaulted  arches,  with  parallel  arched 
sur&oes,  table  of,  38 
Axles  and  gudgeons,  170 


Backwater,  136 

,  amplitude  of,  144 

»  swell,  146 

Balance,  common,  105 

— — ,  index  or  bent  lever,  115 

,  sensilnlity  of,  107 

,  spring,  116 

,  stability  and  motion  of,  108 

,  unequal  armed,  109 

Batter,  retaining  walls  with,  26 

Beams,  compound,  55 

Borda's  turbine,  234 

Braces  or  struts,  54 

Brake,  of  friction,  119 

Bridges,  chain  or  suspension  of,  59 
-4  of  weigh,  1 1 1 


-,  of  portable  weigh,  113 

-,  timber,  48 

-,  tubular,  82 — 95 


Bucket  wheels,  165 


Buckets,  form  of,  for  water  wheels,  174 
-^—,  construction  of  the,  271,  290 

,  number  of,  for  water  wheels,  186 
Burdin's  turbines,  236 


Cadiat's  turbine,  247 

Capstan,  vertical,  131 

— — ,  horse,  131 

Centrifugal  force,  effect  of,  ]f88 

Chain,  or  suspension  bridges,  59 

Chains  and  ropes,  sectional  dimensions  of,, 
63 
i  elongation  oC,  65 

Chain  wheel,  339 

Cohesion  of  semi*fluids,  16 

Combe's  reaction  water  wheel,  246 

Compound  beams,  55 

Common  balance,  105 

Conduit  pipes,  158 

Conway  Tubular  Bridge,  82 

Com  seeds,  semi-fluid,  1 3 

Coulomb's  experiments  on  the  rigidity  of 
hemp  ropes,  102 

Crushing,  Table  of  the  resistance  of  mate- 
rials to,  69 

Curb,  construction  of  the,  202 

wheels,  mechanical  effect  of)  204 

Cylinder,  the  working,  300 

,  engine  combined,  319 


Dams,  136 

Darlington's  water-pressure  engine,  319 
Dimensions  of  parts  of  water  wheels,  167 
Dykes,  149 

— ,  stability  of,  150 

— ,  offlet  sluices  of,  152 
Dynamometer,  105,  116 


Earth,  semi-fluid,  13 

— ,  abutting  resistance  of,  20 

— ,  pressure  of,  14 

— ,  surcharged  masses  of,  17 
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Elastic  rofistance,  77 

Engine,  Saxon  water-pretsure,  319,  317 

Enginesi  water^preMare,  298 

,  pipes  of,  299 
Equilibrium  in  reference  to  lOtatioD,  30 
Equilibration  of  arches,  test  of  the,  34 


F. 


Fontaine^s  turbine,  283 

Formula  for  total  effect  of  water  wheel,  206 

Formulas  for  the  power  of  animals,  123 

Foundation,  depth  of,  21 

Foumeyron^s  turbine,  248 

Fracture,  78 

Friction  brake,  119 


G. 


Gear,  the  valve,  307 

,  counter-balance,  308 

)  auxiliary  water-engine  valve,  311 

Girders,  81 

Gudgeons,  170 

J  friction  of  the,  191 

H. 

Heeling  of  retaining  walls,  22 
Hnelgoat,  water-pressure  engine,  317 

i  the  balance,  322 

-,  throttle  valves,  322 


,  friction  of  the  piston,  324 

Hydraulic  prejudicial  resistance,  325 
>  sectional  areas,  327 


-,  formula  for  the  useful  effect,  328 
-,  adjustment  of  the  valves,  331 


Impact,  effect  of,  on  water  wheels,  181 
Index  balances,  115 

J. 

Jonval's  turbine,  285 


King  posts,  46 


Lever  balances,  bent,  175 

i  the,  127 

Loaded  arches,  33 

Losses  of  eflect  of  the  water  whee^  206 

M. 

Machines,  99 

,  mechanical  effects  of,  99 

,  useful  and  prejudicial  resistance 

of,  100 


Maohinet,  working  cxNiditioi&  of,  102 
>,  work  dona  hf  mid  of,  125 


Milts,  of  tread,  133 

,  floating,  wheeU,  310 

Modnlns  of  ruptore,  80 

Morin's  experiments oa  tiul»iiea,28l 


Pftrts  of  water  wheels,  dimensioiis  of,  167 

Pentronghs  or  penstocks,  177 

Piers  and  abutments,  66 

Pilhurs,  strength  of,  69 

Pipes,  conduit,  for  water,  158 

Piston,  the  working,  302 

rod  and  stuffing-box,  303 

Planes,  movable  inclined,  134 
Poncelet's  tables,  25 

wheels,  218 

,  theory  of,  «19,  222 

experimentB  whh,  224 


•  turbine,  237 


Posts  for  bridges,  50 
Postmills,  343 
Pressure  of  earth,  14 

and  resistanoe  of  line  of  surcbeiL  88 

—  (prism  of  greatest),  15 


Rafters,  supported,  45 

Reservoirs,  148 

Resistance,  useful  and  prejoclicial,  28 

of  line,  of  arches,  and  pressure, 


28 


-,  elastic,  77 


Retaining  walls,  18 

with  batter,  26 


Rotation,  equilibrium  in  reference  to,  30 
Roofs,  thrust  of,  42 

,  compound,  44 

,  for  bridges,  50 


S. 


Sail  wheels,  342 

Saxon  water-pressure  engine,  315 
Semi-fluids  (cohesion  of),  16 
Sluices  (water),  177 

,  overfall,  198 

,  penstock,  200 

Smockmills,345 

Spring  balances,  116 

Stability  of  abutments  of  arches,  31 

Strength  of  cylindrical  steam  boilers,  95 

Structures,  wooden,  40 

Struts  or  braces,  54 

Swell,  of,  136 

,  height  of,  139 

T. 

Table  L  Semi-circular  aich  with   paiallel 
vaulted  surlkces,  37 
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Table  II.  Semi-cirealar  arehet,  muoary  at 
the  back  of  45^  iDclinatkm,  37 

Table  III.  Semi-circular  arches,  with  hori- 
zontal maaonry  above,  38 

Table  IV.  Vaulted  arches  with  parallel 
arched  surfaces,  38 

Table  of  the  relative  dimensioiis  of  seg- 
mental arches,  39 

—  of  nineteen  experiments  on  windmill 
sails,  36 

—  of  the  resistance  of  materials  to  crash- 
ing, 69 

—  of  the  resistance  of  materials  to  rup- 
ture by  tensile  strain,  71 

of  data  connected  with  the  elastic  re- 
sistance of  materials,  77 

Tables  of  Ponoelet,  35 

— —  of  arches,  36 

Tensile  strain,  7 1 

Thermotension,  73 

Timber  bridges,  48 

Tread-wheels  or  tread-mills,  133 

Tubular  bridges,  82—95 

Turbines,  Fontaine  s,  283 

,  JoDval*s,285 

,  comparison  of  different  turbines 
with  each  other,  293 

>  comparison  between  turbines  and 

other  water  wheels,  293 
,  comparison  of,  280 
,  construction  of  guide-curve,  269 

,  experiments   on    Fontaine^s    and 

JonvaPs,  391 

,  experiments  on,  281 

,  mechanical  effect  ot,  288 

,  Morin's  experiments  on,  281 

,  pressure  of,  265 

,  aer  Borda,  Burdin,  Poocelet,  White- 
low,  Combe,  Gsdiat,  Jonval,  Foumeyroo, 
Morin,  Fontaine. 

theory  of  Fontaine^s  and  JonvaI*s, 


286 


theory  of  reaction  of,  254 
Whitelaw's,  278 

without  guide-curves,  26 1, 275, 277 
with  horixontal  axis,  295 

V. 


Valves,  the,  304 

,  cock,  the,  305 

— -,  the  slide-piston,  306 

,  gear,  the,  307 

J  hammer,  the,  310 

,  auxiliary  water^ngine   valve    gear, 
311 
^cylinder,  313 

W. 

Walls,  retaining,  18 

,  slipping  of,  19 

,  heeling  of,  retaining  of,  22 

,  retaining  with  batter,  26 


Water's  weight,  effect  o(;  183 
Water  conduits,  135 
^— ,  amplinide  of  the  back,  144 
— -  courses,  153 

conduit  pipes,  158 

,  of  back,  136 

— -  power,  164 

sluices,  157 

for  the  valves,  336 

1  experimental   results. 


337 

Water-pressure  engines,  298,  317,  324 
engine,  Darlington,  319 
Water  wheels  (■obibohtal),  the  pivot  and 
fooutep  of,  252 

,best  velocity,  pressure    of 


the,  256—259 

,  Borda's  turbine,  234 

,  Burdin's  turbine,  236 

,  Cadiat's  turbine,  247 

-,  Combe*s  reaction,  246 


-,  ooostructjon  of  the  curb  of 


the,  202—205 

-,  Danaides,  239 


,  oonstnxsiMQ  of  guide-curve 
turbines,  269 

— ,  construction  of  the  bucket. 


271 


236 


-)  efiect  of  centrifugal  force. 


-,  Foumeyron's  turbine,  248 
,  influence  of  the  position  of 


the  sluice,  262 

— ,  impact,  and  reaction,  229, 


232 


253 


-,  pressure  turbines,  265 

-,  pressure,  233 

-,  Poncelet*8  turbine,  237 

-^  roues  en  cuves,  235 

-»  reactkm  of,  240 — ^243 

-,  strength  and  dimensioos  of. 


244 


-,  theory  of  the  reaction  of. 


bines,  254 


261,275 


-^theory  of  reaction  of  tur- 
-,  turbine  without  guide  curve. 


pact,  181 


-,  Wbitelaw^s  turbine,  245 
-,  (vxbtical),  effect  of  im- 


-,  construction  of,  166 

,  dimensions  of  parts,  axles, 

and  gudgeons  of  the,  167,  170 

-,  effect  of   water*s  weight. 


183—187 


188 


208 


let^s,  224 


-,  effect  of  centrifugal  force, 
-,  efficiency  of  breast  wheels, 
-,  experiments   witli    Ponce- 


-,  floating  mill,  216 

-^  form  of  buckeu  of,  174 
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